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Over the years, various types of surface coatings have been 
developed to protect substrates or base materials from wear and 
corrosion.  Examples of such advanced coatings include diamond-like 
carbon (DLC), chromium nitride (Cr-N), titanium nitride (Ti-N) and 
titanium aluminium nitride (Ti-Al-N).  At the same time, there has been 
a growing trend towards ‘‘greener’’ lubricant additives, driven by 
environmental legislation.  For decades, zinc dialkyl dithiophosphates 
(ZDDP) have been extensively used in engine oil and industrial 
lubricants as antiwear agents, antioxidants and corrosion inhibitors.  
However, the pressure to reduce sulphated ash, phosphorus and sulfur 
(SAPS) content in engine oils is increasing as SAPS-containing 
additives have a detrimental effect on exhaust after-treatment devices 
fitted in modern vehicles.  For hydraulic applications, the use of a zinc-
free fluid is required in many cases.  It has been reported that heavy 
metals like zinc can be hazardous to human health. As a result, zinc–
containing lubricants are not considered safe to be used in the food 
and agricultural industries.   
As environmental regulations become more stringent, it is 
increasingly important and urgent to find a substitute that is more 
environmentally friendly (i.e. with zero or acceptably low SAPS content).  
It is also recognized by equipment manufacturers, additive and 
lubricant companies as well as research institutes that there is a need 
to review which materials and lubricants are being used in partnership 
in engineering systems to capitalize on the synergies existing between 
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surfaces and lubricants. Similarly, there are some compatibility issues 
that need to be identified and an appreciation of such challenges can 
help engineers select an optimal lubrication system and avoid 
counterproductive results.   
Various investigations have been carried out in the area of 
tribological coatings with regard to antiwear additives but they have not 
always come to the same conclusions.  On many occasions, the 
evaluation included only ZDDP but not greener alternatives like ashless 
triphenyl phosphorothionate (TPPT). The objectives of this study are to 
investigate the influence of ZDDP as well as ashless TPPT - a more 
environmentally friendly antiwear additive, on the durability of state-of-
the-art tribological coatings  (i.e. hydrogen-free DLC, Cr-N, Ti-N and Ti-
Al-N); and to postulate the likely wear protection mechanisms based on 
experimental evidences and supporting analytical information.  
The investigation for hydrogen-free DLC coatings was carried 
out using a disk-on-cylinder tribometer (with a line contact).  The disks 
and cylinders were made of AISI 52100 bearing steel, and the normal 
load was 30 N.  The base oil used was API Group II mineral base oil.  
The lubricants evaluated included the base oil with no additive, base oil 
with 1 wt% of ZDDP, and base oil with 1 wt% of TPPT.  It was found 
that both ZDDP and TPPT exhibited a negative impact on the friction 
behaviour of the coating.  Also, it was demonstrated that ZDDP had a 
negative influence on the antiwear property, whereas TPPT helped to 
increase wear resistance of the DLC coatings.  
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For Cr-N coatings, experiments were performed using the same 
disk-on-cylinder tribometer, with a slightly higher normal load of 40 N.  
It was shown that both ZDDP and TPPT helped to lower the friction on 
surfaces. Between the two antiwear additives, ZDDP exhibited better 
friction reduction benefit than TPPT.  Experimental results also 
indicated that the wear resistance property of the Cr-N surface could 
be enhanced by both ZDDP and TPPT (to a lesser extent).  It is 
proposed that friction is influenced substantially by the shear strength 
of the film formed from the additives.  The higher coefficient of friction 
obtained for TPPT compared to that of ZDDP was likely due to higher 
shear strength of the film derived from TPPT. 
As the Ti-N and Ti-Al-N coatings (2300 HV and 3300HV 
respectively) were harder than DLC and Cr-N coatings (2000 HV and 
2100 HV respectively), it was recognized that the investigation needed 
to be performed under more severe test conditions.  Therefore, a new 
pin-on-cylinder tribometer (with a point contact) was specially designed 
and fabricated to evaluate the influence of the antiwear additives on the 
friction and wear properties of Ti-N and Ti-Al-N coatings. Also, the 
normal load was increased to 150 N.  It was observed that both ZDDP 
and TPPT (to a lesser extent) increased the friction coefficient on the 
Ti-N and Ti-Al-N surfaces.  It was also demonstrated that ZDDP (to a 
greater extent) and TPPT helped to reduce wear on the Ti-N and Ti-Al-
N surfaces.  It is proposed that the relatively higher coefficient of 
friction measured for ZDDP compared to that for TPPT was potentially 
caused by higher shear strength of the ZDDP-derived film.  It was also 
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found that the presence of aluminium in the Ti-Al-N coating had 
reduced the formation of Ti2O3 while increasing the content of TiON, 
thereby improving its oxidation resistance and antiwear property.  In 
this regard, no significant impact from ZDDP or TPPT was observed.   
Based on the overall findings, it is concluded that TPPT can 
perform adequately well as a suitable and greener substitute for ZDDP 
for enhancing wear protection of hydrogen-free DLC, Cr-N, Ti-N and Ti-
Al-N coatings.  However, it is suggested that lubricants developed for 
equipment with hydrogen-free DLC, Ti-N or Ti-Al-N coated parts should 
contain suitable friction modifiers to compensate for the negative 
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Chapter 1 Introduction 
This chapter introduces the general concepts of tribology and 
lubrication; provides an overview of advanced surfaced coatings and 
lubricant additives, with  references  to  a combination  of  the two  
disciplines;  and  concludes  with  a  brief description of the scope of 




1.1 Introduction to Tribology and Lubrication   
A tribological system (commonly referred to as a tribosystem) 
consists of four main elements: the two contacting partners, the 
interface between the two and the medium at the interface and the 
ambient environment (Czichos 1992; Mang 2005). Some examples of 
tribological systems are lubricated bearings in which the lubricant is 
located in the gap; plain bearings in which the material pair is the shaft 
and the bearing shells; internal combustion engines in which the two 
contacting partners are the piston rings and the cylinder wall or the 
camshaft lobes and the tappets; and in metalworking processes where 
the material pair is the tool and the work-piece.  The variables in a 
tribological system are the type of movement, forces involved, 
temperature, speed, and duration of the stress. Shear stress is caused 
by the numerous criteria of surface and contact geometry, surface 
loading, or lubricant thickness. Tribological processes can take place in 
the contact area between two friction partners.  It can be physical, 
physicochemical (e.g. adsorption, desorption), or chemical in nature 
(tribochemistry). 
In tribological systems, different types of contact can exist 
between contacting partners.  For boundary friction, the contacting 
surfaces are covered with a molecular layer of a substance whose 
specific properties can significantly affect the friction and wear 
characteristics.  Boundary friction layers are of paramount importance 
in practical applications in which thick, long-lasting lubricant films to 
separate two surfaces are technically impossible to exist. Boundary 
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lubricating films are formed from surface-active substances and their 
chemical reaction products. Adsorption, chemisorption, and tribo-
chemical reactions also play important roles.   
In fluid-film lubrication, both surfaces are completely separated 
by a fluid lubricant film (full-film lubrication). This film is formed either 
hydrostatically or more commonly, hydrodynamically. Liquid or fluid 
friction is caused by the frictional resistance due to the rheological 
properties of fluids.  
Mixed lubrication takes place when boundary lubrication 
combines with fluid-film lubrication. Machine elements which are 
usually hydrodynamically lubricated experience mixed friction during 
start and stop of the machine. 
The lubrication regimes between boundary and fluid-film are 
graphically shown in Figure 1.1 which is known as Stribeck diagrams 
(Czichos and Habig 1992). The investigation is based on the starting-
up of a plain bearing whose shaft and bearing shells are separated 
only by a molecular lubricant layer when they are stationary.  As the 
speed of revolution of the shaft increases, a thicker hydrodynamic 
lubricant film is formed at the contact region.  It initially causes sporadic 
mixed friction but nevertheless significantly reduces the coefficient of 
friction. As the speed continues to increase, a full and uninterrupted 
film is formed over the entire bearing faces.  This drastically reduces 
the coefficient of friction. Also, as the speed increases, internal friction 
in the lubricating film adds to external friction. Internal friction results 
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from the friction between lubricant molecules. The curve goes through 
a minimum coefficient of friction value and then increases, largely as a 
result of internal friction. The lubricant film thickness depends on the 
friction and lubrication conditions including the surface roughness.   
In hydrodynamic lubrication, the lubricant is pulled into the 
converging clearance by the rotation of the shaft. The dynamic 
pressure being created carries the shaft load.  Using the Navier – 
Stokes theory of fluid mechanics, Reynolds created the basic formula 
for hydrodynamic lubrication. The application of the Reynolds’ formula 
resulted in theoretical calculations on plain bearings, and the sole 
lubricant value was viscosity.  
For the elasto-hydrodynamic lubrication, hydrodynamic 
calculation on lubricant films was extended to include the elastic 
deformation of contact faces (Hertzian contacts) and the influence of 
pressure on viscosity.  This enables the elastohydrodynamic 
calculations to apply to contact geometries, not only of plain bearings 





Figure 1.1 Stribeck graph (Czichos and Habig 1992) 
 
1.2 Wear Mechanisms and Surface Films 
There are several kinds of wear mechanisms that occur 
between contacting surfaces.  Typically, the predominant types of wear 
are as follows:   
 Adhesive wear involves metal transfer between surfaces. 
o Mild form – Forms small oxide wear fragments 
o Severe form – Forms larger metal fragments 




 Fatigue involves stress cracking of metal surface followed by 
expulsion of metal particles, leaving pits. 
 Polishing is undefined and could be classified as fine abrasive 
wear. 
 Corrosive wear refers to the removal of corrosion products by 
mechanical or electrolytic action. 
According to a literature (Liang et al. 2003) published by the 
American Society for Testing and Materials (ASTM), in addition to 
liquid lubrication, there are numerous types of surface films that are 
used to reduce wear of solid surfaces.   Physical or chemical 
adsorption also provides a protecting film for lubrication.  A thin surface 
film is formed by adsorption of polar lubricant molecules onto the 
surface, providing an effective barrier against metal-to-metal contact.  
As defined by ASTM D 2652, physical adsorption (van der Waals 
adsorption) refers to “the binding of an adsorbate to the surface of a 
solid by forces whose energy levels approximate those of 
condensation”.  Also, according to ASTM D 2652, chemical adsorption 
is known as “the binding of an adsorbate to a surface of a solid by 
forces whose energy levels approximate those of a chemical bond 
without the formation of a new chemical bond.”  Chemical adsorption 
may be irreversible. 
Metal surfaces can also be modified by the formation of reaction 
films.  Some reaction films are formed during heat treatment processes 
such as carburizing, carbon-nitriding and nitriding.  Others are formed 
7 
 
in-situ by surface chemical reactions through an additive such as zinc 
dialkyl dithiophosphates (ZDDP).  According to a literature (Rizvi 2003), 
the film formation mechanism can be considered as a two-step process.  
The step involves adsorption of ZDDP onto the metal surface and the 
second step involves its chemical reaction with metal to form the 
tribofilm.  After being adsorbed on the surface, these materials 
thermally decompose to reactive mercaptans or phosphorus 
compounds that form the tribofilm. The probable mechanism through 
which ZDDP forms a tribofilm is illustrated in Figure 1.2. 
 
 
 Adsorption   Reaction 
Figure 1.2 Film forming mechanism of ZDDP (Rizvi 2003) 
 
 
1.3 Advanced Surface Coatings 
Over the years, various types of surface coatings have been 
developed to protect substrates or base materials from wear and 
corrosion.  Besides providing wear and corrosion resistance, another 




Examples of such coatings include diamond-like carbon (DLC), 
chromium nitride and titanium nitride.  They are usually produced by 
physical vapour deposition or chemical vapour deposition.  There are 
also newer techniques notably filtered cathodic vacuum arc which is 
known to produce high quality tribological coatings that meet the 
general requirements of many applications. 
1.4 Lubricant Additives 
Lubricating oils typically consist of the base oil and several 
functional additive components.  For instance, in the case of an 
automotive engine oil, the formulation typically contains many types of 
additives e.g. detergents, dispersants, antiwear agents, antioxidants, 
friction modifiers, viscosity index improvers, pour point depressants, 
corrosion inhibitors and foam inhibitors.  For each class of additives, 
there are different types of chemistries available in the market and 
used by different formulators or companies.  The main classes of 
additives are discussed below. 
1.4.1 Detergents 
Detergents play a critical role in protecting various metallic 
components of internal combustion engines.  The main functions of 
detergents are keeping surfaces clean by preventing acids of 
combustion from corroding engine parts; preventing lubricant oxidation 
and thermal degradation products from forming varnish or lacquer 
deposits; preventing sludge from precipitating onto the metal surfaces; 
and reacting chemically with acids to neutralize them.  They also help 
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to slow down the process of agglomeration. Typically, detergents are 
metallo-organic compounds of calcium, magnesium, and sodium i.e. 
phenates, sulfonates, salicylates. 
1.4.2 Dispersants 
Dispersants are typically the highest treat additive in engine 
lubricants.  While detergents are used to clean engine surfaces and 
neutralize acidic by-products, they are relatively less effective in 
dispersing oil-soluble products resulting from combustion.  Dispersants 
help to minimize the negative effects of these contaminants e.g. black 
sludge and soot particles by dispersing them within the engine and 
making sure that the engine oil is able to flow freely. Examples of 
commonly used dispersants are succinimides, succinate esters, 
Mannich dispersants etc.  
1.4.3 Antioxidants 
In general, all lubricants are susceptible to oxidation.  If 
oxidation is not inhibited or controlled, lubricant decomposition will take 
place and lead to oil thickening, sludge and varnish formation, as well 
as the formation of corrosive acids.  In general, all lubricants are 
formulated with antioxidants.  There are primary and secondary types 
of antioxidants. Primary antioxidants are radical scavengers e.g. 
aromatic amines and hindered phenols while secondary antioxidants 




1.4.4 Friction Modifiers 
With energy efficiency (or fuel economy) becoming increasing 
important, friction modifiers (or friction reducers) are now established 
as common constituents in engine oil and industrial lubricant 
formulations.  The main purpose of friction modifiers is to alter the 
frictional properties of a lubricant.  They are usually long-chain 
molecules consisting of a polar end group and a non-polar linear 
hydrocarbon chain.  Typically, the polar end groups either physically or 
chemically adsorb onto the metal surface, while the linear hydrocarbon 
chains extend themselves into the oil.  Some common types of friction 
modifiers are molybdenum dicarbamate (MoDTC) and glycerol mono-
oleate (GMO). 
1.4.5 Corrosion Inhibitors 
Corrosion inhibitors are used in lubricants to protect the metal 
surface from the attack of oxygen, water and other aggressive 
substances.  These aggressive substances are mainly acidic products 
formed when the lubricant undergoes thermal or oxidative 
decomposition.  Typically, corrosion inhibitors are molecules with long 
alkyl chains and polar groups which can adsorb onto the metal surface, 
leading to the formation of densely packed hydrophobic layers.  
Examples of corrosion inhibitors include sulphonates and carboxylic 
acid derivatives for ferrous metals e.g. iron, and benzotriazole and 




1.4.6 Viscosity Index Improvers 
Viscosity index improvers (or viscosity modifiers) are added to a 
lubricant formulation to reduce the viscosity-temperature dependence 
of the base oils.  Viscosity modifiers have a polymeric nature and 
typically consist of chain-like molecules characterized by the molecular 
structure, composition and chemical nature of the monomers.  The 
technology from this class of lubricant additives has enabled the 
development of multi-grade lubricants.  Types of viscosity index 
improvers include olefin copolymer, polyalkylmethacrylate, 
hydrogenated styrene-butadiene etc. 
1.4.7 Pour Point Depressants 
Some paraffinic components are present in all mineral base oils.  
They are susceptible to form waxes at lower temperatures, and these 
waxes can grow into a network of wax crystals that eventually stops the 
oil from flowing.  Pour point depressants help to enable the oil to flow at 
these low temperatures by minimising the formation of wax networks.  
Examples of pour point depressants are polyalkylmethacrylate and 
ethylene vinyl acetate copolymers. 
1.4.8 Defoamers 
The foaming of lubricants is an unwanted effect that can lead to 
an increased level of oxidation caused by the intensive mixture with air, 
cavitation damage as well as inadequate oil transport in circulation 
systems.  Excessive foaming can result in lack of lubrication.  Effective 
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anti-foaming agents are typically insoluble in the base oil and therefore 
have to be finely dispersed so that they can remain sufficiently stable 
even after long-term storage or use.  Liquid silicones such as 
polydimethylsiloxanes are known to be one of the most effective anti-
foaming agents. 
1.4.9 Demulsifiers 
Many industrial lubricants such as hydraulic, gear, turbine and 
compressors fluids, need relatively good demulsilfication properties to 
prevent or minimize water contamination in lubrication systems.  
Without the presence of demulsifiers, lubricants can easily form water-
in-oil emulsions.  Some examples of highly effective demulsifiers are 
polyethylene glycols and other ethoxylated substances. 
1.4.10 Antiwear and Extreme Pressure Additives 
Finally, one important class of additives is antiwear agents.  
Their main function is to reduce wear in a mixed or partial lubricant film 
operating under boundary conditions. Zinc dialkyl dithiophosphates 
(ZDDP) are commonly used in engine oils and many types of industrial 
lubricants, but there are also several ashless antiwear alternatives like 
ashless dithiophosphates and amine phosphates and triphenyl 
phosphorothionates (TPPT).   
These ashless antiwear additives are considered to be more 
environmentally friendly than ZDDP.  There is now increasing attention 
on the use of such additives, as well as the application of state-of-the-
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art surface coatings, to optimize wear resistance (and friction 
performance) without compromising environmental protection and 
human safety.   
Both extreme pressure and antiwear additives have similar 
protection mechanisms but the former typically requires higher 
activation temperatures and load.  In other words, extreme pressure 
additives perform under very severe conditions whereas the latter 
works under relatively milder conditions, 
1.5 Objectives of Study 
Over the last few decades, various types of surface coatings 
have been developed to reduce friction and wear.  Before applying 
such coatings to the surface of machine engine parts, their 
compatibility with lubricants must be investigated. Presently, although 
industrial or engine oils are well-formulated with additives to work with 
steel surfaces, new types of environmentally friendly antiwear additives 
have been developed. The issue of how they would react with those 
advanced coatings needs to be addressed before they can be put into 
actual applications.   
The objectives of this study are to investigate the influence of 
ZDDP and ashless TPPT as lubricant additives on the wear and friction 
properties of state-of-the-art surface coatings, namely diamond-like 
carbon (DLC), chromium nitride (Cr-N), titanium nitride (Ti-N), and 
titanium aluminium nitride (Ti-Al-N) coatings; and to postulate the likely 
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wear preventive mechanisms based on experimental evidences and 
supporting analytical information.   
This study focuses only on one class of additives i.e. antiwear 
additives instead of combinations of additives which can be highly 
complex.  As explained by Spikes (1989), additive interactions can take 
place in solution and at surfaces, and combinations of additives are 
usually found to produce either antagonistic or synergistic effects 
compared to the performance of the individual additives.  Spikes also 
differentiates direct interactions, where two additives combine at a 
molecular level, from complementary effects where the individual 
contributions of separate additives affect the overall performance, 
either positively or negatively, without direct interaction (Spikes 1989). 
1.6 Scope of Thesis 
Chapter 2 contains a thorough review of literatures related to the 
investigation of the effects of antiwear additives, namely ZDDP and 
ashless TPPT, on the tribological characteristics of state-of-the-art 
surface coatings. 
Chapter 3 provides details of the experimental methods and 
materials in the investigations.  It also describes the coating deposition 
techniques and the lubricant additives used to formulate the lubricants 
evaluated in the study. 
Chapter 4 looks into the influence of ZDDP (i.e. primary ZDDP 
as well as a mixture of primary and secondary ZDDP) and TPPT on the 
durability of DLC coatings.  According to several studies (Yasuda et al. 
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2003; Kano et al. 2004; Kano et al. 2006) carried out by a leading 
Japanese automotive manufacturer, greater friction reduction could be 
achieved with hydrogen-free DLC coatings compared to hydrogenated 
or metal-doped DLC coatings, under boundary lubrication conditions.  
Therefore, this study focuses on hydrogen-free DLC coatings. 
Chapter 5 investigates the impact of primary ZDDP and TPPT 
on the friction and wear properties of Cr-N coatings.  Since Cr-N can 
be considered as one of the least complicated systems among the 
commonly used hard coatings (Van Stappen et al. 1995), it is important 
to understand how each of the two types of additive chemistry affects 
the wear mechanism and friction properties of Cr-N coatings.  
Chapter 6 examines the impact of primary ZDDP and TPPT on 
the tribological performances of Ti-N and Ti-Al-N coatings.  Among all 
thin solid films or coatings, Ti-N is the most widely accepted coating in 
engineering applications (Vera et al. 2011).  Also, according to some 
studies (Wang et al. 1995; Leu et al. 2000; Kawate et al. 2003) 
increasing the aluminium content in Ti–N coatings helps to improve the 
oxidation resistance of the coatings.  Therefore, Ti-Al-N coatings are 
included in the scope of this thesis. 
Chapter 7 summarizes the important findings and main 
conclusions of this thesis, and also provides a number of suggestions 




Chapter 2 Literature Review 
This chapter presents the tribology of state-of-the-art surface 
coatings namely DLC, Cr-N, Ti-N and Ti-Al-N coatings, and antiwear 
additives i.e. ZDDP and TPPT.  The discussion also includes the 
impact of these lubricant additives produced on the friction and wear 
properties of the coatings and attempts to understand the antiwear 
mechanism and tribofilm formation, as well as technological challenges 




2.1 State-of-the-Art Surface Coatings 
2.1.1 Diamond-Like Carbon (DLC)  
One of the state-of-the-art tribological coatings is DLC coatings.  
There are several types or forms of DLC coatings, e.g. a-C for general 
amorphous carbon, a-C:H for hydrogenated amorphous carbon, ta-C 
for tetrahedral amorphous carbon (also known as hydrogen-free DLC), 
as well as metal-doped DLC.  DLC coatings contain significant 
fractions of sp3 type C bonds, which provide them with desirable 
physical and mechanical properties that are, to some extent, similar to 
those of diamond.   Hydrogenated DLC coatings typically contain less 
than 50% sp3 fractions while hydrogen-free DLC coatings can contain 
more than 85% sp3 bonds (Gill 1999). 
In Robertson’s initial study, he modelled the structure of DLC 
materials as a random network of covalently bonded carbon atoms in 
different hybridisation (Robertson 1986).  Several years later, he 
reported that the structure of both hydrogenated and hydrogen-free 
DLC materials was controlled by the energy of the π bonding of the sp2 
sites (Robertson 1997). He also mentioned that hydrogen-free DLC 
had small sp2 fractions and a very rigid network while hydrogenated 
DLC had a softer polymer network. According to Robertson, it may be 
best to summarise the state of the art of DLC using Figure 2.1, which 
illustrates the structure-composition of DLC materials in a ternary 
phase diagram of sp2, sp3 and H concentrations. It is explained that the 
specific position of a diamond-like material on this diagram is 
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determined by the deposition system, i.e. the precursor, method and 
parameters of the method.   
 
Figure 2.1 Phase diagram of diamond-like carbon materials 
(Robertson 1997) 
 
DLC coatings are often used on metals to minimise friction and 
wear due to their excellent tribological properties (Yishida and Fujii 
2005; Hainsworth and Uhure 2007). DLC is very resistant to abrasive 
wear, thus making it suitable for use in applications that experience 
extreme contact pressure, both in rolling and sliding contacts. 
Furthermore, DLC is known to increase the stability of the metal 
substrate in corrosive environment and reduce the corrosion rate 
(Huang et al. 2003; Choi et al. 2007; Ikeyama et al. 2009).  DLC 
coatings are currently found in bearings, cams, cam followers, and 
shafts in the automobile industry.  Also, DLC is now used in hydraulic 
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applications (Nobili and Magagnin 2009).  In addition, DLC can be a 
potential anti-scuffing and wear-resistant treatment for gearing 
applications (Alanou et al. 2002; Kalin and Vizintin 2005).  It is also 
deemed capable of displaying satisfactory friction characteristics and 
durability when used as the sliding material of an electromagnetic 
clutch in automatic transmission applications (Ando et al. 2009). 
Based on a review performed by Dearnaley and Arps, in order to 
be protected against wear, biomedical components need coatings that 
are exceptionally hard, have low friction, and are bioinert. DLC has 
been proven to provide this capability and to prevent leaching of 
metallic ions into the body (Dearnaley and Arps 2005). According to 
Salgueiredo et al., DLC coatings are of enormous interest for 
biotribological applications due to their biocompatibility, auto-lubricious, 
and non-stick properties (Salgueiredo et al. 2008). The superior 
biocompatibility of DLC coatings can be attributed to their chemical 
composition containing only carbon and hydrogen which are both 
biologically compatible (Wei et al. 2013). Therefore, there is an 
increasing amount of research carried out to investigate the use of DLC 
coatings in biomedical applications (Sui et al. 2007; Mansano et al. 
2008; Cheng et al. 2009; Bharathy et al. 2010; Jelinek et al. 2010). 
According to Vercammen et al., DLC coatings are made up of a 
group of very similar but still very different materials, and their 
characteristics can range from graphite-like to diamond-like to polymer-
like, depending on the methods of deposition (Vercammen et al. 2000). 
Based on the findings of their study, the sensitivity of DLC coating 
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properties to processing conditions can pose a problem, but on the 
other hand, it presents opportunities for adaptation to specific 
applications and purposes. As a result, the mechanical and tribological 
characteristics of DLC coatings can vary significantly. Each coating 
type has specific advantages and the complete range of properties 
should be investigated thoroughly so as to select the appropriate 
coating for a particular application.  
Based on the studies carried out by some researchers, the 
introduction of specific textures such as dimples onto a sliding surface 
helps to improving its tribological properties (Etsion et al. 1999; 
Pettersson and Jacobson 2004).  In this regard, Shum et al. used a 
reciprocating tribometer under lubrication conditions to investigate the 
tribological effects on DLC coatings of laser surface texturing with 
different dimple densities and diameters (Shum et al. 2013). Their 
results indicated that DLC coatings with the appropriate dimple density 
(10%) and diameter (approximately 100 μm) demonstrated a significant 
improvement in terms of the friction coefficient and wear rate compared 
with that of the un-textured DLC coatings. The lower friction coefficient 
and wear rate was attributed to the reservoir action of the dimples. It 
was explained that the dimples acted as small fluid reservoirs which 
helped to retain the lubricating film and prevent direct contact between 
the solid surfaces. However, the authors did not look into the influence 




There were numerous studies carried out to evaluate the effects 
of adding metals like titanium, molybdenum, tungsten and iron, or other 
materials like silicon into DLC coatings, on their tribological properties 
and boundary lubrication characteristics (Miyake et al. 2004; Kalin and 
Vizintin 2006; Evan et al. 2008; Miyake et al. 2008; Podgornik et al. 
2008; Kalin et al. 2010; Vengudusamy et al. 2011; Wang et al. 2012; 
Manninen et al. 2013; Zou et al. 2013), whereas some other 
researchers looked into the difference in the lubricating effect between 
hydrogenated and non-hydrogenated DLC coatings (Morina et al. 2010; 
Haque et al. 2009; Haque et al. 2010; Sharma et al. 2012; Heau et al. 
2013), but they did not always come to the same conclusions.   
Sharma et al. studied the scratch resistance and tribological 
properties of hydrogenated and hydrogen-free DLC coatings in ambient 
atmosphere under non-lubricated and lubricated conditions using oleic 
and linoleic acids (Sharma et al. 2012).  In their investigation, both 
hydrogenated and hydrogen-free specimens exhibited high wear rates 
in dry condition. The wear rates became lower when linoleic acid was 
used on both the specimens. However, the value was lower on 
hydrogen-free DLC compared to hydrogenated specimen.  According 
to the authors, when sliding takes place under unlubricated 
atmospheric conditions, two solid surfaces in contact produce a surface 
layer of chemisorbed or physisorbed molecules, or a capillary 
condensed liquid bridge, between them. It was elucidated that 
hydrogenated DLC coating demonstrated a high wear rate under dry 
sliding condition due to high adhesion caused by the capillary force 
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induced adhesion, and that this kind of strong adhesion possibly 
resulted from large amounts of hydrogen atoms and molecules present 
in the coating matrix. It was also mentioned that the hydrogenated DLC 
coating contained internal hydrogen which interacted with external 
microdroplets of water present in humid tribo-atmosphere, and that this 
interaction was strong in nature and led to the higher wear rate of 
hydrogenated coatings compared to hydrogen-free DLC coatings.  In 
lubricated condition, the authors explained that internal hydrogen had 
negligible effect on the surface due to the microscopic layer of fatty 
acids in the sliding contact conditions, and therefore it did not result in 
large differences in the wear rates between the hydrogenated DLC and 
hydrogen-free DLC coatings, albeit slightly better wear performance 
observed for the latter. 
In an investigation performed by Vegudusamy et al., the friction 
characteristics of several types of DLC, namely tungsten-doped DLC, 
silicon-doped DLC, non-hydrogenated DLC and hydrogenated DLC in 
an additive-free American Petroleum Institute (API) Group III base oil 
were evaluated (Vengudusamy et al. 2011). A friction behaviour trend 
based on the DLC type was observed.  It was found that non-
hydrogenated DLC produced the lowest boundary friction, followed by 
hydrogenated DLC, tungsten-doped DLC and silicon-doped DLC. It 
was explained that surface graphitisation or surfaces having graphite 
inclusions resulted in low boundary friction performance. In addition, a 
clear dependence of wear resistance on the DLC type could be 
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established. It was found that non-hydrogenated DLC coatings 
provided lower boundary friction than the other types of DLC coatings. 
There are various types of DLC coatings that are being applied 
onto engine components, and according to several studies (Yasuda et 
al. 2003; Kano et al. 2004; Kano et al. 2006) performed by a leading 
Japanese automotive manufacturer, a higher level of friction reduction 
could be obtained using hydrogen-free DLC coatings instead of 
hydrogenated or metal-doped DLC coatings under boundary lubrication 
conditions.  
Hydrogen-free DLC coatings on engine parts have shown great 
potential for friction reduction. A hydrogen-free DLC coated tappet was 
developed together with an International Lubricants Standardization 
and Approval Committee (ILSAC) GF-4 engine oil and the combination 
resulted in 2% fuel efficiency. The effect of the DLC coating being 
applied to piston ring was also investigated by the Japanese vehicle 
manufacturer and 12% friction reduction was observed (Mabuchi and 
Higuchi 2009).   
Therefore, as far as DLC coatings are concerned, this study 
focuses on hydrogen-free DLC. 
2.1.2 Chromium Nitride (Cr-N)  
Many studies were carried out in recent years on the chromium 
nitride (Cr-N) coating system.  Experimental results indicated that Cr-N 
coatings in general exhibited good thermal stability and high-
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temperature oxidation resistance, low friction coefficients and residual 
stress, as well as superior wear and corrosion properties (Aubert et al. 
1983; Knotek et al. 1986; Shroer et al. 1991; Navinsek and Panjan 
1993; Ichimura and Kawana 1994; Sato et al. 1994; Navinsek and 
Panjan 1995; Su et al. 1996; Chen et al. 2002; Yao and Su 1997; Zhou 
et al. 2002; Warcholinski and Gilwicz 2009).  In addition, it was 
reported that Cr-N coatings provided much stronger chemical 
resistance compared to other commonly used hard coatings. (Cunha et 
al. 1999; Eicher et al. 2007).   
Van Stappen et al. reported that four types of coatings 
frequently used in the metal working industry were Ti-N, Ti-C-N, Ti-Al-N 
and Cr-N (Van Stappen et al. 1995).  According to the same authors, 
Cr-N appears to be relatively more versatile and can be considered as 
one of the least complicated systems among the commonly used hard 
coatings.  Ti-N is a good coating for minimising adhesive wear, but 
unfortunately not for all types of work-piece materials. For instance, 
Knotek et al. found that Cr-N coated tools performed better for Cu 
work-pieces (Knotek et al. 1993).   
Navinsek et al. carried out a study to determine the industrial 
applications of Cr-N (plasma vapour deposited) coatings (Navinsek et 
al. 1997).  They looked into critical parameters that impacted the 
quality of the coatings and conducted performance tests found in 
industrial practice.  These critical parameters were adhesion and 
scratching coefficient, microhardness, surface topography, and 
oxidation and corrosion resistance. It was explained that Cr-N coatings 
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were deposited at 480°C for wear and corrosion protection in cold 
forming and cutting of copper in the production of electrical 
components, in forming of aluminium parts in automotive 
manufacturing and for surface enhancement of steel moulds in 
aluminium-silicon die casting under pressure. It was also mentioned 
that Cr-N coatings deposited at temperatures of 180–220°C were 
meant for improving cold forming tools made of alloyed tool steels. In 
addition, the lowest attainable temperature of 140°C produced Cr-N 
coatings of superior quality and their application was to protect electro-
deposited and electro-polished nickel moulds in artificial teeth 
production. Lastly, according to the authors, coatings formed with a 
combination of Cr-N and Ti-N were used in the production of rotors, as 
well as in cold forming and forging in mass manufacturing of screws, 
with the purpose of providing resistance to abrasion. 
In general, thin film hard coatings on rolling element surfaces 
can improve the overall wear resistance of rolling element bearings 
such as coated tapered, cylindrical, and spherical roller bearings, but 
they are not commonly found on ball bearings because of the difficulty 
in obtaining uniform film thickness on a ball surface. However, 
according to an investigation carried out by Droy and Evan, this 
challenge could be overcome by a new technique for depositing Cr-N 
coatings with uniform thickness on precision balls using ion beam 
assisted deposition e-beam evaporation (Drory and Evan 2011). In 
their study, scanning electron microscopy revealed that the deposited 
films were smooth and conformal on the ball surfaces without any sign 
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of localized delamination.  Also, auger electron spectroscopy indicated 
that Cr-N bulk film stoichiometry could be achieved by controlling the 
argon to nitrogen process gas ratio during deposition, and transmission 
electron microscopy showed a dense, polycrystalline film structure.  In 
addition, the film hardness and elastic modulus were found to satisfy 
the usual requirements for Cr-N, and a tribological assessment of the 
coated balls confirmed sufficient film adhesion for practical use of the 
Cr-N coatings in bearing applications. 
With regard to automotive applications, piston rings in 
combustion engines are usually coated with electroplated chromium 
layers.  In this aspect, some investigations were conducted to replace 
chromium plating with chromium nitride alternatives (Rastagar and 
Richardson 1997).  According to Friedrich et al., Cr-N coatings 
deposited on piston rings using physical vapour deposition (PVD) 
sputtering technology exhibited relatively high hardness (i.e. > 1800 
HV), sufficient adhesion on the metallic substrates and low wear rates 
(Friedrich et al. 1997).  In another study (Enomoto and Tamamoto 
1998), it was reported that Cr–N plating produced much lower friction 
compared to Cr plating, leading to 90% reduction in ring wear and 15% 
decrease in bore wear.   
Therefore, the excellent material characteristics and properties 
of Cr-N have made it a desirable coating for various industrial and 
automotive applications.   
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2.1.3 Titanium Nitride (Ti-N) and Titanium Aluminium Nitride 
(Ti-Al-N) 
Ti-N coatings are extensively used in the fields of forming, 
drawing and cutting tools, moulds, components and decorations, gear 
and bearing applications (Vera et al. 2008).  In the field of thin solid 
films (< 10 µm), Ti-N is still the most widely accepted coating in 
engineering applications (Vera et al. 2011). Research carried out on 
the friction and wear characteristics of Ti-N coatings showed that they 
could reduce wear and minimize the failure of components through 
better corrosion protection, smoother surface finish and low friction 
coefficient (Hua et al. 2006).   
It was also proven that a high performance drill with titanium-
nitride coating and a high depth/diameter ratio could help prevent or 
minimise burrs (Wei and Furness 1996).  In addition, it was reported 
that hard coatings like Ti-N were used extensively to improve the 
efficiency of cutting tools, and cutting tests had confirmed that the 
coated inserts outperformed uncoated ones by a factor of 2 to 10 
(Bandyopadhyay and Bhatacharya 1992).  
In automotive applications, it had been demonstrated that 
droplets of pure titanium generated by the titanium nitride coating 
process of the shims lowered the surface roughness of the cams, and 
the valve train friction was greatly reduced due to the improved surface 
finish of the cams and shims which then resulted in better fuel 
economy (Masuda 1997).   
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According to a study performed by Yu et al., Ti-N coatings 
formed by the laser and plasma technique (LPN) demonstrated 
superior thermal stability and could be potential candidates for high 
temperature tribological applications (Yu et al. 2012).  In their 
investigation, titanium samples underwent a treatment by the mixing 
technology with LPN that utilised different laser power densities, and 
the nitrided samples were subsequently annealed at 473 K, 673 K, 873 
K, and 1073 K for two hours in vacuum respectively. The samples 
before and after annealing were characterized at room temperature 
and their microstructures were carefully examined.  X-ray diffraction 
and cross-sectional optical microscopy analysis revealed that the layer 
structure of the Ti-N coating remained unchanged after annealing at 
1073 K when the coating was produced with a specified laser power 
density.  
All the properties described above, together with high hardness 
and chemical inertness, have made Ti-N attractive as a tribological 
coating.  In addition, according to investigations conducted by some 
researchers (Joshi et al. 1995; Wang et al. 1995; Leu et al. 2000; 
Kawate et al. 2003; Feng et al. 2006), increasing the aluminium content 
in Ti–N coatings led to an improvement in the oxidation resistance of 
the coatings, and the reason was attributed to the formation of an 
aluminium oxide layer on the surface which prevented the diffusion of 
oxygen into the bulk.  
Ti-Al-N coatings have also been reported to be suitable for use 
as surface coatings or films for implants in biomedical applications in 
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light of their superior corrosion resistance, substantially improved 
biocompatibility, higher hardness values, and lower coefficient of 
friction compared to Ti-N coatings (Chung at el. 2004; Subramanian et 
al. 2010; Subramanian et al. 2011). 
The presence of Al is also expected to alter other physical, 
chemical and mechanical properties of Ti-N coatings.  For instance, in 
a study carried out by Yang et al., Ti-Al-N coatings deposited by 
cathodic arc evaporation exhibited relatively high thermal hardness 
(Yang et al. 2012).  It was reported that the hardness of the Ti-Al-N 
coatings, during thermal annealing, increased to the maximum value of 
38.7 GPa with the ambient temperature elevating to 900°C, resulting 
from the precipitation of cubic Al-rich and Ti-rich domains. 
In light of the growing interest to introduce aluminium into Ti-N 
coatings, it is important and beneficial to gain a better understanding of 
how antiwear additives like ZDDP and ashless TPPT influence the 
friction and wear characteristics of both Ti-N and Ti-Al-N coatings.  
2.2 Antiwear Additives 
2.2.1 Zinc Dialkyl Dithiophosphates (ZDDP) 
For a few decades, ZDDP was widely used in engine oils and 
also in many different types of industrial lubricants as antiwear and 
extreme pressure agents, antioxidants, as well as corrosion inhibitors 
(Armstrong et al. 1997).  However, the pressure to lower the sulphated 
ash, phosphorus and sulphur (SAPS) content in engine oils is 
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continuously increasing because SAPS-containing additives were 
found to have a detrimental effect on exhaust after-treatment devices 
fitted in modern vehicles (Gandhi and Shelef 1991; Hirata 1994; 
Sappok et al. 2009).  As a result, many lubricant and additive 
companies are now highly interested in identifying and developing 
antiwear additives that contain low to zero sulphated ash (Spikes 2008). 
  According to Ribeaud (2006), substituting ZDDP with ashless 
ant-wear alternatives will lead to a significant reduction of ash and 
provide more flexibility in the use of metallic detergents. In response to 
questions concerning the contamination of exhaust gas after treatment 
devices by volatile phosphorus-containing compounds, Ribeaud 
investigated the amount of gaseous emissions of phosphorus released 
from engine oils formulated with a range of phosphorus-containing 
antiwear additives. To relate the structure of the additives to the 
observed phosphorus emissions, the study included a variety of 
phosphorus-containing anti-wear agents, metal-containing as well as 
ashless.  Based on his findings, it is possible to develop zinc-free, low-
ash engine oils that control wear and corrosion and do not release 
more phosphorus into the exhaust gas after treatment systems than 
traditional ZDDP-containing oils (Ribeaud 2006). 
There has also been an increased use of aluminium alloy in the 
automobile and aviation industries due to their excellent resistance to 
corrosion, good thermal conductivity, moderate costs and most 
importantly, light weight.  However, it was demonstrated that ZDDP 
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was not effective in reducing wear in an aluminium-steel system (Wan 
et al. 1998).   
In addition, it was reported by Camenzind et al. that industrial 
lubricants containing ZDDP were highly susceptible to hydrolysis 
(Camenzind et al. 2002).  According to the authors, the contamination 
of lubricants with water in lubricating systems can result in the 
breakdown of micelles that hold zinc oxide in solution, which in turn 
leads to clogged filters and degradation of the system performance. In 
manufacturing plants, hydraulic fluids can contaminate metalworking 
fluid coolants, causing the ZDDP to hydrolyse, and thereby affecting 
the metalworking fluids' emulsion stability. A shorter service life and the 
necessity to dispose of zinc-contaminated coolants add significant 
costs to the manufacturing plant. 
For hydraulic or gearing applications, the use of zinc-free 
lubricants is needed in many cases.  Even though relatively small 
amounts of additives are added into base oils, their safety issues have 
recently come under attention (Cisson et al. 1996; Herdan 1997; Bartz 
1998). It was reported that heavy metals like zinc could cause serious 
health problems to human beings (Bartz 2006). Therefore, zinc–
containing lubricants are generally not recommended to be used in 
machinery and equipment found in food and agricultural industries.   
Taylor et al. developed a method to monitor the film-forming 
properties of antiwear additives in rolling-sliding, lubricated contacts 
(Taylor et al. 2000). The method enabled them to investigate both the 
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kinetics of reaction film growth and the evolution of the film morphology 
as a function of rubbing time. The technique was then applied to look 
into the friction and wear behaviour of a ZDDP solution, and the results 
obtained provided clear evidence of the ability of ZDDP to form a thick, 
separating, reaction film on rubbing surfaces in mixed rolling/sliding 
condition.  It was also reported that this film was highly effective in 
minimising metal-metal contact.  However, the film appeared to be 
unevenly distributed, with its roughness oriented in the direction of 
sliding.  According to the authors, this directional roughness signified 
that ZDDP was able to increase friction by producing an effective 
surface roughening which caused conditions to be more favourable for 
boundary lubrication rather than elastohydrodyanmic (EHD) lubrication 
to take place. 
A few years later, Taylor and Spikes conducted further 
investigation which demonstrated that when other additives commonly 
used in engine oils were added to ZDDP solutions, relatively smooth 
ZDDP reaction films were formed (Taylor and Spikes 2003).  However, 
it was found that ZDDP still caused a significant increase in friction 
under mixed lubrication conditions and this observation indicated that 
surface roughening was not the origin of friction enhancement resulting 
from ZDDP reaction films.  In addition, according to the same authors, 
the presence of a ZDDP reaction layer prevented the entrainment of 
liquid lubricant into rolling/sliding contacts, and consequently these 
contacts operated in boundary lubrication condition with high friction up 
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to relatively high speeds, which was normally not the case.  As a result, 
the occurrence of full film EHD lubrication was delayed. 
The wear preventive mechanism and performance of ZDDP 
used in paraffin oil under the boundary lubrication condition were also 
studied extensively by So et al. (1993).  In their study, the condition of 
boundary lubrication was achieved with a flat-on-flat reciprocating 
sliding contact which was designed to simulate the contacting condition 
near the top and bottom dead ends of a piston ring with the cylinder 
wall in an automotive engine (So et al. 1993). The wear preventive 
performance of ZDDP was evaluated based on the contact (electrical) 
resistance and the wear scars on the contact surfaces. The results 
were subsequently confirmed by electron spectroscopy for chemical 
analysis and energy-dispersive X-ray (EDX) analyses on the worn 
surfaces. According to their findings, the antiwear mechanism was 
dependent on the ratio of the rate of film formation to the rate of 
scraping the existing film. It was also found that this ratio depended on 
the compositions of the film formed on the contact zone which in turn 
were influenced by the temperature of the oil and the surface finish 
condition of the specimens. 
In an investigation conducted by Lin and So using also a flat-on-
flat sliding contact, some limitations on the use of ZDDP as an antiwear 
additive in boundary lubrication were revealed (Lin and So 2004).  It 
was confirmed that the antiwear performance of ZDDP added to plain 
paraffin oil under boundary lubrication conditions was dependent on 
the formation of an effective surface film.  The authors reported that the 
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surface film was primarily a physisorbed film at relatively low 
temperatures (i.e. below 50 °C), but a combined chemisorbed and 
chemically reacting film at relatively higher temperatures (i.e. above 
80 °C). At those higher temperatures, it was found that the antiwear 
performance of ZDDP was strongly influenced by the speed of 
recovery and growth of the chemical film.  Among the authors’ 
conclusions, it was mentioned that if the contact pressure was greater 
than 90 MPa, and the surface roughness of specimen exceeded 0.3 
μm in Ra, ZDDP was unable to provide any antiwear performance. 
In a recent study conduct by Liu and Kouame, various ZDDP-
derived tribofilms were examined using X-ray photoelectron 
spectroscopy (XPS) to investigate the relationship between tribofilm 
chemical compositions and wear severity (Liu and Kouame 2014). 
Samples were taken from camshaft lobes after a series of engine tests 
carried out at different oil temperatures, and wear depths were 
determined with a surface profilometer. Tribofilm specimens were 
analysed to observe changes in film chemistry as a function of wear 
severity. It was found that tribofilms present on all camshaft lobes 
contained polyphosphate glass of various chain lengths. It was also 
mentioned that long-chain polyphosphates were observed on low wear 
tracks, whereas short-chain polyphosphates were found on more 
severe wear tracks. Variations in polyphosphate chain length are also 
apparent at different wear depths along a low wear track. Based on 
these experimental findings, the authors concluded that the presence 
of long-chain polyphosphates on low wear tracks signified their 
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excellent wear resistance properties, whereas the short-chain 
polyphosphates found on more pronounced wear tracks provided an 
indication of their poor antiwear properties. 
In connection with ZDDP thermal film formation, Li et al. utilised 
X-ray absorption near edge structure (XANES) spectroscopy to 
characterize the chemistry of ZDDP films on steel samples (Li et al. 
2008). In their study, the phosphorus L-edge XANES spectra showed 
that these films consisted of polyphosphates, unreacted ZDDP and 
other thiophosphate intermediates. Phosphorus K-edge FY XANES 
was used to determine the thickness of the films, and the data was in 
agreement with the thickness obtained by focused ion beam (FIB) 
milling and scanning electron microscope (SEM) imaging. The sulphur 
K-edge TEY and FY XANES spectra indicated that these films were 
made up of different sulphur components, which varied with the 
formation times. The surface morphology of these films was analysed 
using atomic force microscopy (AFM) and it was found that the surface 
morphology of the films changed with the formation time. 
Phosphorus is present in many lubricants in the form of ZDDP 
and its effects on wear and friction were investigated by Gao et al. at 
various temperatures using a high-frequency reciprocating rig (Gao et 
al. 2004). The formation of tribofilms was determined by means of an 
electrical contact resistance technique. The tribological performance of 
a fresh engine oil that contained phosphorus at 0.05 wt% was 
compared to the corresponding used oil drained out from a vehicle. 
The analytical results indicated that there was no significant difference 
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in the wear performance of fresh oils having phosphorus concentration 
from 0.02 to 0.1 wt%.  However, it was found that lowering the 
phosphorus concentration to less than 0.02 wt% resulted in a higher 
degree of wear. Therefore, in view of its superior antiwear property, it is 
technically challenging to eliminate phosphorus completely from 
lubricant formulations. 
In summary, the historical research and development activities, 
application areas, as well as the current state of knowledge of each of 
the main aspects of ZDDP behaviour both in solution and at metal 
surfaces had been extensively described by Spikes (2004).  He 
concluded that a clear and in-depth understanding of the properties 
and morphology of ZDDP antiwear films had been established but still 
relatively little was known with regard to the reaction pathways leading 
to the formation of ZDDP films or about the kinetics of ZDDP film 
generation and removal (Spikes 2004). 
2.2.2 Ashless Dithiophosphates 
Because of the difficulty in eliminating all three catalyst 
poisoning agents (i.e. phosphorus, sulphur and metal) entirely from 
lubricant formulations without affecting the antiwear properties, many 
alternatives to ZDDP which have been proposed are ashless but 
contain a lower content of phosphorus and sulphur.  
For instance, Kim et al. investigated and compared the 
properties of the tribofilms formed with ashless dialkyl dithiophosphates 
and ZDDP (Kim et al. 2010). Based on their overall findings, the wear 
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performance of the ashless dialkyl dithiophosphates was either 
comparable or better than that of ZDDP. Their analytical results 
indicated that the tribofilms formed with ashless dialkyl 
dithiophosphates were thicker than those formed from ZDDP, but the 
hardness and modulus values of the tribofilm were lower in the case of 
ashless dialkyl dithiophosphates. X-ray absorption near edge structure 
(XANES) analysis revealed that phosphates were present as short 
chain phosphates in both tribofilms. It was found that ashless dialkyl 
dithiophosphate yielded iron phosphates while ZDDP produced a mix 
of iron and zinc phosphates, and that both tribofilms contained a larger 
proportion of phosphates compared to sulphur species. It was also 
reported that the sulphur content close to the surface was primarily in 
the form of sulphates whereas the material in the interior consisted of a 
mixture of sulphates and sulphides. 
In a study carried by M. Najman et al., it was discovered that 
alkyl dithiophosphates produced tribofilms which were made up of 
short-chain iron (II) polyphosphates together with iron sulphides and 
sulphates (Najman et al. 2004). When organosulphur extreme pressure 
additives were present, the formation of iron sulphide was detected 
under extreme pressure conditions, iron disulphide and sulphate under 
moderate conditions, and sulphates in the non-contact area (Najman et 
al. 2003; Zhang et al. 2005). For lubricants containing phosphates and 
sulphurised esters, a thin phosphate film was produced and sulphur 
was present in the form of iron sulphide (Najman et al. 2004). 
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In terms of tribological performance, Ribeaud reported that 
lubricants formulated with zinc-free antiwear additives produced lower 
friction than those containing ZDDP, when tested using a mini traction 
machine (Ribeaud 2006).  However, a series of studies performed by 
Zhang et al. demonstrated that ZDDP gave better wear protection 
compared with ashless dithiophosphates, although a combination of 
ZDDP and ashless dithiophosphate was able to provide reasonably 
good antiwear resistance (Zhang et al. 2005). 
2.2.3 Triphenyl Phosphorothionate (TPPT)  
Besides ashless dithiophosphate, another notable and more 
environmentally friendly alternative to ZDDP is TPPT.  In a study 
carried out by Pettersson et al., several different antiwear additives 
such as TPPT which were considered suitable for the formulation of 
environmentally friendly hydraulic fluids were evaluated (Pettersson et 
al. 2008). The base fluid used was a high performance biodegradable 
complex ester which was typically used for formulating environmentally 
friendly products.  The experiments were run using an assembled pin 
and vee block in a modified Falex wear machine, and the combinations 
of materials used were steel-steel and bronze-steel tribo-pairs.  The 
friction and wear behaviour as well as the visual appearance were 
analysed.  It was found that the new additives, including TPPT, 
delivered encouraging results which implied that they were appropriate 
antiwear agents for developing environmentally adapted lubricants 
formulated with saturated complex esters. In fact, a commercial TPPT 
from BASF i.e. IRGALUBE TPPT is cleared by the FDA under 21 CFR 
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178.3570, for use in USDA H-1 lubricants with incidental food contact 
(from BASF IRGALUBE TPPT Technical Data Sheet). 
According to some investigations carried out using lubricants 
that contained TPPT, the tribofilms formed were found to be composed 
of short-chain polyphosphates with sulphates (Najman et al. 2004; 
Najman et al. 2006).  With regard to phosphorothionates, it was 
suggested that the molecules adsorbed onto the iron surface after an 
initial P=S bond scission with the formation of iron polyphosphates and 
sulphate (Najman et al. 2004; Rossi et al. 2006). 
Some researchers (Mangolini et al. 2010; Mangolini et al. 2011; 
Heuberger et al. 2008) also performed investigations to explain the 
reaction mechanisms of TPPT and alkylated TPPT on steel surfaces 
and the formation of tribofilms. According to Heuberger et al, the 
formation of a phosphate layer produces a soft, wear-protective coating 
on a hard substrate (steel), and such phosphate layers for 
phosphorothionates were characterized by short chain lengths which 
rendered them less effective than those of ZDDP (Heuberger et al. 
2008).  The same authors also reported that metal ions were not 
available in lubricants that contained phosphorothionates, but zinc ions 
were present in lubricants containing ZDDP to form the phosphate 
layer.  In addition, the reaction between iron oxide and P2O5 required a 
higher level of activation energy than the analogous reaction between 
ZnO and P2O5.  It was elucidated that sulphur decreased the energy 
needed for a P=S bond scission compared to that of the cleavage of 
the P=O, and reacted to produce sulphides which helped to reduce 
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wear by preventing welding between contacting asperities (Rossi et al. 
2006; Heuberger et al. 2008). 
According to Kim et al., the antiwear performance of alkylated 
TPPT, particularly those with longer alkyl chains, was superior to that 
of non-alkylated TPPT (Kim et al. 2011).  In their study, it was found 
that the alkylated TPPT with the lowest flash temperature coupled with 
the widest range of decomposition temperature exhibited the best wear 
preventative performance. Heuberger et al. in their study demonstrated 
that longer chain phosphorothionates had better oil solubility at low 
temperature i.e. 30 °C and 80 °C (Heuberger et al. 2008). However, 
Kim et al. explained that at high temperature i.e. 150 °C, the 
temperature of the solution was sufficiently high to thermally 
decompose the molecule in the solution.  Hence, besides high solubility 
in oil solution, the longer chain TPPT had better wear preventive 
property due to its greater ability to decompose to form tribofilms.  
However, at the moment, non-alkylated TPPT is still extensively used 
by lubricant and additive companies because of its relatively lower cost 
of production. 
Based on the investigation conducted by Heuberger et al. 
(Heuberger et al. 2008), at 150°C, the tribofilms formed on the 
uncoated steel surface in the presence of the phosphorothionates were 
six times thinner than those in the case of ZDDP tested under similar 
conditions.  It was also reported that the reaction film was easily and 
quickly formed from the phosphorothionates, but due to the wear 
41 
 
process, the film was removed and consequentially the wear coefficient 
was higher than that measured for the ZDDP.   
Today the future of phosphorus-containing additives still looks 
bright as a result of certain industry and market trends.  For instance, in 
metal-working applications, there had been a move away from chlorine 
primarily because of environmental reasons, and in connection with 
this development, the use of phosphorus-containing additives in 
combination with sulphur carriers had been shown to be a more than 
adequate substitute (Phillips 2009).   
2.2.4 Other Potential Alternatives to ZDDP 
There were some studies that had been conducted on antiwear 
additives that contain very little or no phosphorous, sulphur and metals.  
For example, Minami et al. performed a study to evaluate the antiwear 
performance of environmentally adapted lubricant additives 
synthesized from cystine, which is an essential amino acid obtained 
from natural sources (Minami et al. 2010).  The tribological properties 
of the cystine-derived additives in a solution of synthetic oil were 
investigated by conducting laboratory tribotests under boundary 
conditions. Results indicated that the cystine-derived additives had 
antiwear performances comparable to those of ZDDP, and helped to 
reduce the friction coefficient of polyalphaolefins (PAO) and synthetic 
esters.  It was explained that the backbone of the molecule was cystine, 
which consisted of a disulphide group and four polar functional groups 
(two carboxyl groups and two amino groups).  The authors elucidated 
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that the disulphide was the precursor of the boundary film which 
improved tribological behaviour under boundary conditions, while the 
polar functional groups provided affinity to metal surfaces, that is, 
enabled the adsorption of molecules onto the metal surface. It was also 
mentioned that the straight hydrocarbon moiety made the molecule 
more soluble in hydrocarbon oil and enhanced friction-reducing 
properties through the Bowden-Tabor mechanism. 
Yu et al. conducted an investigation on the chemistry and wear 
performance of a novel silane-containing additive in combination with 
ZDDP, calcium-type detergent, and boron- and nitrogen-containing 
dispersant, using a pin-on-disc Plint friction and wear tester (Yu et al. 
2011). It was reported that when the silane additive was mixed with 
calcium detergent and boron- and nitrogen-containing dispersant, the 
antiwear performance of the blend was significantly improved, while the 
friction coefficient remained nearly unchanged. In fact, it was found that 
the wear performance was either comparable to or better than ZDDP 
on its own. It was explained that the mechanism involved the silane 
additive being converted to hydrous SiO2 which in turn interacted 
chemically with the surface and calcium in the detergent to produce a 
relatively thick tribofilm made up of mainly Ca silicate compounds. It 
was then discovered that when ZDDP and boron- and nitrogen-
containing dispersants were mixed with the silane additive, 
polyphosphate-type tribofilms, similar to that of ZDDP alone, were 
formed. However, it was acknowledged that the addition of ZDDP 
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resulted in antagonistic effects on the wear performance of the silane-
based blend. 
In a study conducted by Katafuchi and Shimizu, 
mercaptocarboxylate derivatives that did not contain phosphorus were 
evaluated as substitutes for ZDDP (Katafuchi and Shimizu 2007).  The 
authors investigated the influence of the number of sulphur atoms in 
the dimer of mercaptocarboxylate derivatives, the length of the alkyl 
group, as well as the structure of the end alkyl group. It was found that 
the disulphide bonding of the short intra-molecular alkyl chain and the 
large end alkyl group helped to lower friction, and that the 
mercaptocarboxylate derivatives demonstrated the same level of 
extreme pressure and anti-wear performances as ZDDP.  Albeit the 
sulphur content present in the additive, the authors concluded that 
mercaptocarboxylate derivatives were suitable substitutes for ZDDP as 
phosphorus- and ash-free antiwear additives. 
There are numerous studies that have been carried on 
nanoparticles as antiwear additives for lubricants (Hu and Dong 1998; 
Wu et al. 2007; Gu et al. 2008; Hernandez Batttez at al. 2008; Chu et 
at. 2010; Kong et al. 2011; Alves et al. 2013; Padgurskas et al. 2013; 
Kalin et al. 2013).  For instance, Kalin et al. proposed nanoparticles as 
novel lubricating additives in a green, physically based lubrication 
technology for DLC coatings (Kalin et al. 2013).  According to their 
investigation, adding MoS2 nanotubes to PAO oil significantly improved 
the friction property in boundary lubrication and mixed lubrication 
conditions for DLC-coated and steel surfaces. They reported that the 
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most optimal results were achieved when using the nanotubes-
containing lubricant for the DLC-coated contacts, such that the friction 
in the most severe conditions was lowered by up to 50%, compared to 
using pure PAO, and by up to 30%, compared to steel/steel contacts 
lubricated with the same lubricant.  It was explained that the presence 
of a MoS2-nanotubes-based tribofilm in the contact contributed to the 
friction reduction, and that the film was formed by either the adhesion 
of thin MoS2 nano-sheets to the surface or in the form of a thick but 
disconnected boundary film consisting of compacted nanotube 
aggregates.  The authors concluded that the combination of MoS2 
nanotubes and DLC-coatings presented a novel and environmentally 
friendly lubrication solution. 
In addition, many researchers have looked into ionic liquids as 
antiwear agents (Jimenez et al. 2006; Jimenez and Bermudez 2008; 
Hernandez Battez et al. 2009; Schneider et al. 2010; Viesca et al. 2010; 
Stolte et al. 2012; Yu et al. 2012; Qu et al. 2014). For example, Qu et al. 
investigated the anti-scuffing or anti-wear behaviour as well as the 
mechanism of an oil-miscible ionic liquid, trihexyltetradecyl-
phosphonium bis(2-ethylhexyl)phosphate, in PAO base oil  (Qu et al. 
2014). Tribological bench tests were carried out using actual engine 
piston ring and cylinder liner materials at both room and elevated 
(100 °C) temperatures. It was observed that even though the ionic 
liquid and ZDDP performed equally well to prevent scuffing and 
minimise wear in the room-temperature tests, the former’s performance 
greatly surpassed the latter’s in the 100 °C tests. Analytical results 
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showed two-layer structured tribofilms on both ring and liner surfaces 
lubricated by the ionic liquid-containing oil at elevated temperatures. It 
was concluded that the ionic liquid additive exhibited superior anti-wear 
properties compared to ZDDP and therefore could potentially pave the 
way for lower-viscosity base oils to be used for engine lubrication, 
leading to improved fuel economy. 
However, in spite of all these research and development 
activities carried out  on the ZDDP alternatives mentioned above, there 
is currently very limited commercial viability associated with these 
classes of materials as antiwear additives for lubricants. 
2.3 Impact of Antiwear Additives on Surface Coatings 
2.3.1 DLC Coatings 
According to Podgornik, there are many reasons why it is 
unlikely for DLC-coated tribological components to be ever operated 
completely without the presence of a lubricant, in spite of the low 
friction coefficients typically associated with DLC-coated surfaces in dry 
sliding conditions (Podgornik 2008). First of all, tribological behaviours 
of non-lubricated DLC coatings are very sensitive to the surrounding 
atmospheric conditions, especially the relative humidity. In addition, it is 
not always practical or economically viable to coat every surface in the 
system.  Furthermore, the lubricant also possesses other secondary 
functions such as helping to cool down mechanical systems. Therefore, 
it is extremely likely that the majority of DLC-coated components will 
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continue to be operated under lubricated conditions, primarily under 
boundary lubrication. 
Many studies that included an in-depth analysis of the effects of 
ZDDP and/or friction modifiers such as MoDTC and GMO on the 
friction and wear properties of DLC coatings had been carried out 
(Kano et al. 2004; de Barros’Bouchet et al. 2005; Podgornik et al. 2007; 
Matta et al. 2008; Topolvec-Miklozic et al. 2008).  However, very little 
research had been conducted to look into the influence of ashless anti-
wear additives on the durability of DLC coatings. 
According to Gangopadhyay et al., it is too premature to predict 
whether or not any changes in additive chemistry will be required for 
DLC-coated surfaces, in light of the wide variation observed in the 
chemistry of DLC coatings, that is, hydrogenated versus non-
hydrogenated, presence of metals in the coating, and so on 
(Gangopadhyay et al. 2010). According to the same authors, the need 
for any special additive chemistry for DLC coatings can be classified 
into two parts, namely friction requirements and wear requirements. 
With regard to friction requirements, the investigation conducted by 
Gangopadhyay et al. provided evidence of lubricant-generated 
tribofilms on the DLC-coated surface in the presence of an ILSAC GF-4 
engine oil.   
Renondeau et al. carried out an investigation to study the effects 
of an antiwear additive, detergent/dispersant, and an ILSAC GF-4 
engine oil on the friction coefficients of various DLC-coated surfaces, 
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and they observed that friction response varied according to the 
additive components contained in the engine oil (Renondeau et al. 
2009). They also found out that some of the DLC coatings responded 
to engine oil chemistry while some did not. 
Based on an investigation performed by Broda and Bethke, the 
friction responses of DLC coatings varied depending on the DLC 
coating formulation as well as the engine oil formulation (Broda and 
Bethke 2007). According to the same researchers, with regard to wear 
requirements, DLC coatings have better intrinsic wear resistance 
compared to uncoated steel due to their high hardness, and as a result, 
additional wear protection from lubricant additives may not be 
necessary for the DLC-coated parts. However, from their perspective, 
special care should be taken such that additives present in the engine 
oil do not cause an increase in wear. For instance, a study carried out 
by Shinyoshi et al. demonstrated an increase in wear of DLC coatings 
in the presence of a MoDTC-type of friction modifier in the engine oil 
(Shinyoshi et al. 2007). 
Yang et al. carried out a study that looked into a tungsten-doped 
hydrogenated DLC coating reciprocating against cast iron in model oils 
(Yang et al. 2014). Friction and wear of such system were then 
compared with steel. One of their conclusions was that the combination 
of ZDDP and MoDTC exhibited good friction reduction and wear 
protection for the tungsten-doped DLC coating. The paper clarified that 
the chemical decomposition of MoDTC to MoS2 was the dominant 
process rather than the possible formation of WS2.  In connection with 
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this finding, it was reported that the presence of MoS2 in the interface 
was the main contribution of the overall friction reduction and the use of 
ZDDP helped to reduce wear. The authors also mentioned that friction 
reduction was contributed by both formation of MoS2 and surface 
graphitisation.  However, TPPT or other ZDDP alternatives were not 
incorporated in their study.  Also, hydrogen-free DLC coatings were not 
included in their investigation. 
One study was focused on evaluating the ability of ZDDP and 
ashless AW additives to form protective tribo-films on DLC and steel 
surfaces (Equey et al. 2008). A comparative study of the friction 
behaviour of ZDDP with two ashless additives, namely butylated 
triphenyl phosphorothionate (b-TPPT) and amine phosphate (AP) was 
carried out.  The results suggested that AP behaved in a manner 
different from ZDDP and b-TPPT. AP produced the lowest friction 
coefficient for steel sliding against steel whereas b-TPPT recorded the 
lowest friction coefficient for DLC/DLC contacts. The DLC used was an 
amorphous hydrogenated carbon coating.  Although ashless antiwear 
additives such as alkylated TPPT were evaluated, the study did not 
include the non-alkylated version of TPPT which is significantly less 
expensive and more extensively used in the market by companies 
which formulate and produce ashless lubricants. 
Vengudusamy et al. carried out a study to ascertain whether 
ZDDP could form durable films and function as effectively with DLC 
coatings as they typically do on steel surfaces (Vengudusamy et al. 
2013). After evaluating the tribological properties of ZDDP and the 
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strength of the tribofilms formed on several widely used DLC types, the 
authors found that ZDDP-derived tribofilms were present on all the 
DLC surfaces but displayed different friction behaviours according to 
the type of DLC. For all the DLC types that were studied, the quantity 
of tribofilm elements measured after the durability tests was less than 
that measured at the beginning of the experiments. It was determined 
that more than 90% of thiophosphate and 70% of sulphide/sulphate 
were lost during the durability tests. It was also reported that although 
the ZDDP tribofilms formed in DLC/DLC contact were similar in 
structure compared to those formed in steel/steel contact, they were 
not able to demonstrate the same level of wear preventative 
performance observed in steel/steel contacts. 
In an investigation conducted by Kosarieh et al., the 
experimental evidence suggested that optimising compatibility between 
a surface and a set of lubricant additives would result in superior 
durability and improved fuel economy (Kosarieh et al. 2013).  The 
authors utilized a pin-on-plate tribometer to run experiments using steel 
plates coated with hydrogenated DLC sliding against cast iron pins. An 
American Petroleum Institute (API) Group III mineral base oil, fully 
synthetic PAO (Group IV) and four different fully formulated engine 
lubricants were used in their analysis, which revealed that the durability 
of the hydrogenated DLC coatings was heavily influenced by the 
selection of the additives added into the oils, and tribofilm formation 
was observed on the coatings used.   Unfortunately, non-hydrogenated 
DLC coatings were not incorporated in their study. 
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According to Kalin et al., there are currently not many research 
findings on boundary lubrication of DLC coatings, and because of the 
various types of coatings, lubricants and additives used by different 
researchers, the results are oftentimes difficult to compare and at times 
even contradictive (Kalin et al. 2008). It was also suggested by Kalin et 
al. that these phenomena and overall performance had to be better 
understood in view of the increasing demand in many industries to 
incorporate DLC coatings into lubricating systems.  
2.3.2 Cr-N Coatings 
For Cr-N, some researchers (Glovnes et al. 2005; Haque et al. 
2007; Evans et al. 2008; Bansal et al. 2011) carried out studies to 
investigate the effects of lubricant additives on the wear and friction 
characteristics of the coatings.  For instance, Haque et al. looked into 
the generic differences between the tribofilms formed by lubricants 
containing ZDDP and molybdenum-based friction modifiers on both Cr-
N and DLC coatings (Haque et al. 2007).  In another study, Feng and 
Xia evaluated the tribological performance of additives interacting with 
Cr-N coating surfaces under boundary lubrication conditions with the 
use of rapeseed oil containing additives (Feng and Xia 2012).  
However, their evaluation only included MoDTC, ZDDP and an amine 
salt of alkoxyl phosphate.   
Generally, the investigations carried out in all these papers did 
not encompass the influence of ashless antiwear additives such as 
TPPT on the tribological properties of Cr-N coatings.   
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2.3.3 Ti-N Coatings 
With regard to Ti-N, Blanco et al. performed a comparative study 
on traditional ZDDP and a novel ionic liquid, both as antiwear additives 
to a PAO, in the lubrication of the coating (Blanco et al. 2011). It was 
found that the addition of 1.0 wt% additive resulted in friction reduction 
compared with the base oil. However, the oil with ZDDP exhibited 
lower friction as well as wear volume compared to the oil that contained 
the ionic liquid.  
According to a study conducted by Glovnea et al., some 
additives like dispersant olefin co-polymers, which were known to form 
a viscous boundary film on steel, did not produce any boundary film on 
Ti-N surfaces.  However, on the other hand, other types of additives 
like organic friction modifiers such as copper oleates produced a 
relatively thick boundary film with Ti-N at elevated temperatures 
(Glovnea et al. 2005). 
Based on an investigation carried out by Bull and Chalker, the 
wear of a Ti-N coating was sensitive to the choice of lubricant used, 
with additive reactions occurring to a varying extent during the wear 
process (Bull and Chalker 1992). They reported that the performance 
of the Ti-N coating was in general no poorer than that of uncoated tool 
steel in lubricated sliding wear, but where the additive performance 
was very good with the steel, the Ti-N performance was relatively poor. 
Therefore, in order to obtain the best possible performance from Ti-N 
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coated components, lubricants need to be developed specifically with 
Ti-N coatings in mind. 
Kubo et al. conducted a chemical analysis of boundary 
lubrication films formed on different metal nitride coatings with ethanol, 
and they found that in comparison, the friction coefficient of Ti-N was 
significantly higher whereas its wear resistance was generally more 
superior (Kubo et al. 2010).  Their study showed that while an ethoxide 
film formed by a tribochemical reaction was found on another nitride 
coating, titanium ethoxide was not observed on the Ti-N surface.  
Therefore, it was concluded from the findings that the tribological 
properties of metal nitride coatings could be attributed to the 
tribochemistry. 
2.3.4 Conclusions 
In light of environmental issues and health hazards described 
earlier, it is of increasing importance to use environmentally friendly 
alternatives to ZDDP.  Furthermore, where the additive performance is 
excellent with the steel, the performances corresponding to DLC, Cr-N 
and Ti-N coatings can be very different. In addition, there is a growing 
trend of introducing aluminium into Ti-N coatings to improve their 
oxidation inhibition property, which may also result in changes to their 
friction and wear behaviour.  Therefore, in view of all these on-going 
developments, it is crucial for researchers and engineers working in the 
lubricant and coating industries, to develop a deeper understanding of 
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the effects of ZDDP and ashless TPPT on the tribological 
characteristics of DLC, Cr-N, Ti-N and Ti-Al-N coatings.  
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Chapter 3 Materials and Experimental Methodology 
 This chapter provides an explanation of the experimental 
methodology and a detailed description of the materials used in the 
experiments.  It gives an overview of industry accepted bench tests 
and the guiding principles behind the design of the tribological 
experimental setups in this study.  It also elaborates on the coating 





3.1 Industry-Accepted Bench Tests 
During the product development of lubricants, common industry-
accepted bench tests used to screen candidates for friction and wear 
performance include the High Frequency Reciprocating Rig (HFRR) 
test (ASTM D 6079), four-ball wear test   (ASTM D 4172), Mini-Traction 
Machine (MTM), etc.  To carry out research in the area, it is important 
to understand the design and working concepts behind some of these 
industry-accepted performance bench tests. 
3.1.1 High Frequency Reciprocating Rig (HFRR) 
The schematic diagram of the High Frequency Reciprocating 
Rig (HFRR) test and the actual equipment are shown in Figure 3.1 and 
3.2 respectively.  According to the description in ASTM D 6079, this 
test method measures the lubricity, or ability of a fluid to affect friction 
and wear between surfaces in relative motion under load.  The system 
uses an electromagnetic vibrator to oscillate a moving steel ball 
specimen over some small amplitude while pressing it against a 
stationary steel disk. The lower, fixed specimen is held beneath the test 
lubricant in a small bath which can be heated electrically. The friction 
force transmitted between the specimens and the electrical contact 
potential between them is measured, and the lubricity of the fluid is 
evaluated by the wear scar on the steel ball and the contact resistance 













3.1.2 Four-Ball Wear Test 
The schematic diagram of the four-ball wear test machine is 
depicted in Figure 3.3, while a typical four-ball wear test equipment is 
shown in Figure 3.4.  According to the test method description in ASTM 
D 4172, three steel balls are clamped together and covered with the 
lubricant to be evaluated.  A fourth steel ball of the same diameter, also 
known as the top ball, is pressed into the cavity formed by the three 
clamped balls for three-point contact.  The temperature of the test 
lubricant is regulated at a specified temperature and then the top ball is 
rotated at a certain speed for a stipulated period.  Lubricants are then 
evaluated by the average size of the scar diameters worn on the three 
lower clamped balls. 
 





Figure 3.4 Actual four-ball wear test equipment 
 
3.1.3 Mini Traction Machine (MTM) 
According to a literature describing mechanical-dynamic test 
methods for lubricants (Bartels and Mang 2007), the mini traction 
machine (MTM) is a computer-controlled, precision traction-
measurement device which provides fully automated traction mapping 
of lubricants and other types of fluids.  The instrument is able to 
simulate the lubrication conditions that exist in non-conforming 
components such as cams, valves trains, gears and rolling element 
bearings.  The test contact is established between a polished three-
quarter-inch ball and a 46-mm diameter disk, both of which are 
independently powered to form a sliding/rolling contact.  To carry out 
the experiment, a small sample of lubricant is placed in the test bath 
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and the system then progresses through a series of loads, speeds 
slide/roll ratios and temperatures according to any one of several 
standard test programs or a customized program specified by the 
operator. Usually, the system can produce an entire series of traction 
and Stribeck curves at five different temperatures up to 150°C and the 
test results are normally obtained with a high degree of repeatability.  
In essence, the MTM system enables a quick and reliable way of 
assessing the performance of new formulations of lubricants at the 
development phase.  The machine has been designed such that high 
contact pressures, temperatures, and speeds can be achieved safely 
via a compact bench mountable system.  Even though there are no 
standardised test methods, it is widely recognised as a very important 
tool for lubricant development.  
3.2 Disk-on-Cylinder Tribometer Setup 
There are some common denominators in the design concept of 
the industry-accepted tests.  Since the MTM has been designed mainly 
for traction measurement, this study focuses on the working principles 
behind the HFRR and four-ball wear tests. First, the test specimens to 
be evaluated consist of two main parts.  Typically, one of the two parts 
is stationary while there is either sliding or rotational movement in the 
other one.  Second, the force is normally applied onto one of the parts 
(from above), pressing it onto the part and thus forming a single or 
multiple point contact. 
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Taking these guiding principles into consideration, an existing 
disk-on-cylinder tribometer was selected for carrying the research in 
this study. The experimental set-up is depicted in Figure 3.5.  The 
stationary AISI 52100 bearing steel disk of diameter 20 mm which is to 
be coated with a selected material forms a line contact with an 
uncoated rotating AISI 52100 bearing steel shaft. The dimensions of 
the stationary disk specimen and rotating shaft are provided in Figure 
3.6(a) and Figure 3.6(b) respectively. 
The lower part of the shaft is dipped in an oil bath for continuous 
supply of oil while the shaft is rotating. The viscosity of the oil serves to 
continuously supply oil to the contact point on the top. The top disk is 
attached to a cantilever for continuous measurement of the friction 
force with the help of strain gauges attached to the cantilever arms. 
Normal load is applied through a pulley and a string attached to the 
back side of the cantilever (see Figure 3.8).  For a start, in view of 
possible delamination of the tribological coating due to excessive 
pressure, it was decided to adopt the approach of using a line contact 
in place of a point contact.  Before every test, the tribometer setup was 
calibrated by taking the strain readings corresponding to different loads 
(or frictional forces) acting horizontally and at 90 degrees to the 
cantilevers.  The values obtained were plotted on a graph as presented 
in Figure 3.7.   Therefore, using the equation that correlates the strain 
value and the frictional force, the frictional force can be obtained for 
each strain reading.  Subsequently, the friction coefficient is 




Figure 3.5 Experimental setup of disk-on–cylinder tribometer 
 
 






















In this study, besides determining the coefficient of friction 
corresponding to each type of antiwear additive for a particular kind of 
tribological coating, the coated surface or wear area is to be examined 
using analytical instruments such as optical microscope, optical 
profilometer, field emission scanning electron microscopy (FESEM), 
energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron 
spectroscopy (XPS).  
The primary objectives of conducting the surface analysis are to 
quantify the amount of wear; to observe potential morphological 
changes on the surface; to ascertain whether tribofilm formation and 
associated chemical changes have taken place; and to find 
experimental evidence or supporting information for explaining the 
wear mechanism. 
3.3 Pin-on-Cylinder Tribometer Setup 
Based on the experience acquired from work done on DLC and 
Cr-N coatings, it was deemed necessary to further increase the applied 
load so as enable the quantification of wear after the experiments.  The 
original experimental set up can only accommodate a maximum 
applied load of 40 N, above which the set-up becomes unstable and 
unsafe for running experiments.  Therefore, a new testing station was 
designed and constructed.  The schematic diagram is provided in 
Figure 3.8, and the actual experimental setup is shown in Figure 3.9.  
The maximum allowable applied load for the new testing station is 150 




Figure 3.8 Schematic diagram of new testing station 
 
 





Also, in order to ensure a more quantifiable wear process during 
the experiments, it was decided that the disk-on-cylinder tribometer 
that provided a line contact needed to be replaced with a pin-on-
cylinder system that gives a point contact.  Therefore, the original disc 
specimen had to be modified and the new design is illustrated in Figure 
3.10.  Instead of a disk, the tip of the stationary hemispherical head, 
which will be coated with Ti-N or Ti-Al-N, will now form a point contact 
with the rotating cylinder.  Also the hemispherical head is designed and 
manufactured to be detachable from the shaft to facilitate the analysis 
of the surface using analytical instruments like FESEM and AFM that 
typically do not accommodate big or long specimens.  The pin-on-
cylinder tribometer setup, which supersedes the disk-on-cylinder 
system, is shown in Figure 3.11.   
 
 








Figure 3.11 Pin-on cylinder tribometer setup 
 
3.4 DLC Coating Deposition 
The hydrogen-free DLC coating was deposited at Nanofilm 
Technologies International Pte Ltd, Singapore using a process called 
Filtered Cathodic Vacuum Arc (FCVA).  During deposition, a plasma 
beam with macro-particles and neutral atoms was emitted by a 
cathodic vacuum arc.  Unwanted macro-particles and neutrals were 
then filtered out via an electromagnetic field.   
The FCVA technology has been known to produce high quality 
coatings that meet the general requirements for many applications. A 
schematic diagram of the FCVA system is presented in Figure 3.12.  In 








hydrogen-free DLC coatings produced using the FCVA technique.  In 
this study, the hardness of the hydrogen-free DLC coating was 2000 
HV as determined using Vickers nanoindentation technique, and its 
thickness was 2 microns as measured by a KLA-Tencor thin film 
measurement instrument. 
 
Figure 3.12 Schematic diagram of FCVA system (Nanofilm 
Technologies International Pte Ltd, Singapore) 
 
3.5 Cr-N Coating Deposition 
The Cr-N coating was also deposited by Nanofilm Technologies 
International Pte Ltd, Singapore, but the technique involved an 
enhanced spluttering process.   In this process, besides utilising 
nitrogen gas and a coating material containing, there was an additional 




equipment enhanced the plasma intensity several fold and thus 
produced a higher degree of ionization.   
The appearance of the Cr-N coating was silver grey.  The 
hardness of the Cr-N coating was 2100 HV as determined by the 
Vickers hardness method; whereas the hardness of the substrate was 
about 620 HV. The thickness of the Cr-N coating was approximately 2 
microns as measured using a KLA-Tencor thin film measurement 
instrument. Based on the experimental set-up in this study, the 
measured friction coefficient of the Cr-N coating against steel was 0.50 
in a dry condition.  The surface roughness Ra of the Cr-N coating was 
0.2 µm as determined using an optical profilometer. 
 The total surface free energy of the coating was determined 
using a contact angle goniometer known as the VCA Optima XE 
System, and calculated by its software named SE-2500 Surface 
Energy (dyne/cm) Software according to the Acid-Base method.  Two 
polar probe liquids i.e. water and ethylene glycol and one non-polar 
liquid i.e. hexadecane were used.  Each droplet of the probe liquid was 
deposited by a syringe pointed vertically down onto the sample surface, 
and a high resolution camera was used to capture the image, which 
was then analyzed by the system.  The total surface free energy of the 
Cr-N coating as calculated by the software was 24.84 mJ/m2.  This total 
surface free energy of the coating is, to a small extent, lower than that 
of the steel substrate i.e. 26.89 mJ/m2 which implies a slightly poorer 
wettability.   
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3.6 Ti-N and Ti-Al-N Coating Deposition 
Nanofilm Technologies International Pte Ltd, Singapore does 
not provide Ti-N and Ti-Al-N coating services.  Therefore, for this study, 
both Ti-N (BALINIT®A) and Ti-Al-N (BALINIT®FUTURA NANO) 
coatings were deposited by Oerlikon Balzers Coating Singapore Pte 
Ltd.  For Ti-N coatings, the company utilises the ion plating technique 
which is a type of plasma vapour deposition process involving electron-
beam evaporation.  In ordinary sputtering, a metal plate is bombarded 
with argon atoms to generate the coating material, whereas during ion 
plating, the metallic component (i.e. titanium in this case) is evaporated 
by a low-voltage arc.  
For the Ti-Al-N coating process, an arc evaporation method is 
used.  In arc evaporation, an arc is struck between the backing plate 
(anode) and the coating material (cathode).  The arc moves over the 
coating material and causes it to evaporate.  Because of the high 
currents and power densities employed, the evaporated material then 
experiences a high degree of ionisation.  When the reactive gas and 
metal ions finally collide against the component surface, they are 
deposited as the coating materials. 
The appearances of the Ti-N and Ti-Al-N coatings used in this 
study were gold-yellow and violet-grey respectively.  Using the Vickers 
nanoindentation technique, the measured hardness values of the Ti-N 
and Ti-Al-N coatings were 2300 HV and 3300 HV respectively.  For 
both types of coatings, the thickness was about 2 µm as determined by 
a KLA-Tencor thin film measurement, and their friction coefficient 
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against steel in a dry condition was approximately 0.40 based on the 
experimental set-up in this study.  The surface roughness Ra of both 
Ti-N and Ti-Al-N coatings was approximately 0.2 µm as measured 
using an optical profilometer.  The total surface free energies (SFE) of 
the Ti-N and Ti-Al-N coatings as determined using a contact angle 
goniometer were 63 mJ/m2 and 60 mJ/m2 respectively.  These total 
surface free energies of the coatings are higher than that of the steel 
substrate i.e. 26.89 mJ/m2 which imply better wettability. 
3.7 Base Oil and Lubricant Additives 
The base oil used was API Group II 150 N mineral base oil 
produced by ExxonMobil. The kinematic viscosities of the base oil at 
40°C and 100°C were 30.5 mm2/s and 5.4 mm2/s respectively, as 
determined according to ASTM D 445.  The viscosity index was 112 as 
calculated based on ASTM D 2270.  The dynamic viscosity of the oil at 
room temperature was approximately 26 cP.  No significant change 
could be observed when the additives were added, because the 
dosage of 1.0 wt% was relatively low.  It was also found that the two 
antiwear additives at a treat rate of 1.0 wt% did not significantly change 
the viscosity and viscosity index of the base oil.  Each test lubricant 
was placed in the oil bath and the quantity used was 10 ml.   
The chemical structures of the ZDDP and TPPT used in this 
study are illustrated in Figure 3.13.  Both antiwear additives were 
provided by Unigrade Trading Pte Ltd, Singapore.  The type of primary 
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ZDDP used was zinc O,O-diisooctyl dithiophosphate.  For the study on 
DLC, a mixture of primary and secondary ZDDP was used as well.   
 
 R is a primary alkyl group of 8 carbons (for primary ZDDP) or 
secondary alkyl group of 8 carbons (for secondary ZDDP) 




Figure 3.13(b) Chemical structure of TPPT 
There was no significant difference in the typical phosphorus 
content for ZDDP and TPPT i.e. 8.0-9.0 wt%.  However, the typical 
sulphur content of TPPT was much lower than that of ZDDP i.e. 9.0–
10.0 wt% and 15.0–17.0 wt%, respectively.  Both phosphorus and 
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Chapter 4 Influence of ZDDP and Ashless TPPT as Antiwear 
Additives on Tribological Properties of DLC Coatings 
This chapter investigates the influence of ZDDP (i.e. pure 
primary ZDDP and a mixture of primary and secondary ZDDP) and 
ashless TPPT as antiwear additives on the durability of hydrogen-free 
DLC coatings, with the use of a disk-on-cylinder tribometer to run the 




4.1 Experimental Preparations 
The tribological tests were performed on a disk-on-cylinder 
tribometer, where the stationary hydrogen-free DLC coated AISI 52100 
bearing steel disc of diameter 20 mm formed a line contact with an 
uncoated rotating AISI 52100 bearing steel shaft.  The normal force 
exerted by the former on the latter was 30 N.  The shaft of diameter 40 
mm was rotated at 376 rpm, giving a linear sliding speed of 0.788 m/s.  
The calculation of the lambda ratio gave values below unity, suggesting 
that the operating lubrication regime was mixed-boundary lubrication.   
All the tests were conducted at room temperature as the study 
was focused on understanding the effects from the lubricant additives 
without the influence of elevated temperatures.  Operating 
temperatures in combustion engines can be relatively high but it is not 
the case in hydraulic or gearing applications.  The test duration was 
two hours and each test was repeated three times.  At the end of each 
run, the test parts were removed, cleaned with a light hydrocarbon 
solvent, and retained for surface analysis.  The experimental set-up is 
shown in Figure 3.3. 
The four lubricants used in this study were Oil A (base oil 
without any additive), Oil B (with 1.0 wt% of TPPT), Oil C (with 1.0 wt% 
of primary ZDDP), and Oil D (with 1.0 wt% of a mixture of primary and 
secondary ZDDP).   
It is well known in the lubricant additive industry that both 
primary and secondary ZDDP are used in lubricant formulations. Based 
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on a literature (McDonald 2009), secondary ZDDP performs better in 
cam lobe wear protection than primary ZDDP, and is generally used 
when increased extreme-pressure activity is required (i.e. run-in to 
protect heavily loaded contacts such as valve trains).  Also, according 
to the same literature, the performances of ZDDP in general are as 
follows: 
• For thermal stability, primary > secondary 
• For hydrolytic stability, primary > secondary  
• For oxidation inhibition, secondary > primary  
• For wear resistance, secondary > primary  
However, the effects of using a combination of both primary and 
secondary ZDDP on DLC coatings are still not very well understood.  
Therefore, it was decided that this study should incorporate a lubricant 
formulated with both primary and secondary ZDDP. 
4.2 Results and Discussion 
4.2.1 Friction Analysis 
 The friction coefficients, as functions of time, for Oil A, B, C and 
D are shown in Figure 4.1(a).  The average friction coefficient, based 
on three repeat tests, for each of the four lubricants is presented in 
Figure 4.2(b). Based on the testing conditions in this experiment, it was 
observed that in comparison with pure base oil, TPPT, primary ZDDP 
and a mixture of primary and secondary ZDDP, individually at 1.0 wt% 
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increased the amount of friction between the rotating shaft and the 
hydrogen-free DLC-coated disk by approximately four times i.e. from 
0.05 to between 0.20 - 0.21.   Results also indicated that there was no 
significant difference in the average friction coefficient corresponding to 
TPPT, primary ZDDP and a mixture of primary and secondary ZDDP.  
According to a study performed by Equey et al. (Equey et al. 
2008), both TPPT– and ZDDP-derived tribofilms could not adhere 
strongly onto the DLC surface due to the inertness of the DLC coating, 
and the friction for both ZDDP and TPPT was attributed to the 
generation of debris particles, either from the substrate or the tribofilm.   
 
 
Figure 4.1(a)  Typical friction coefficient trace for Oil A (Base Oil), 
Oil B (Base Oil + TPPT), Oil C (Base Oil + Primary ZDDP), and Oil D 
(Base Oil + Mixture of Primary and Secondary ZDDP) on DLC surface 
as a function of time at a normal load of 30 N and shaft rotational 




Figure 4.1(b)  Average friction coefficient for Oil A (Base Oil), Oil 
B (Base Oil + TPPT), Oil C (Base Oil + Primary ZDDP) and Oil D (Base 
Oil + Mixture of Primary and Secondary ZDDP) on DLC surface 
 
 
 4.2.2 Wear Analysis based on SEM 
A scanning electron microscope (SEM) was used to analyze the 
wear tracks on the DLC surfaces and the images are presented in 
Figure 4.2.  It was observed that the extent of the wear of the DLC 
coating varied with the type of lubricant additive. None of the lubricants 
led to delamination of the coating, but small pits could be observed on 
the DLC surface. There also appeared to be some polishing effect as 
the DLC surfaces after testing generally appeared brighter compared to 
the unworn condition.   
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For Oil A (base oil), some small pits could be seen on the 
surface.  For Oil B (base oil with TPPT), very few pits were observed.  
For Oil C (base oil with primary ZDDP), more pits were seen compared 
to Oil A (base oil) and Oil B (base oil with TPPT).  For Oil D (base oil 
with primary and secondary ZDDP), some pits were also observed but 
not as many as those observed for Oil C (base oil with primary ZDDP).  
The observations for Oil D (base oil with primary and secondary 
ZDDP) are in agreement with the literature mentioned earlier 
(McDonald 2009) that secondary ZDDP is superior to primary ZDDP in 
terms of wear resistance.  In this study, results showed that the 
presence of secondary ZDDP helped to improve the wear preventive 



















Figure 4.2(e)   
Figure 4.2 SEM images of DLC surface (a) before test, and after 
rubbing against steel in (b) Oil A (Base Oil); (c) Oil B (Base Oil + TPPT); 
(d) Oil C (Base Oil + Primary ZDDP); and (e) Oil D (Base Oil + Mixture 




4.2.3 Surface Roughness  
The wear produced by the lubricants was also analyzed using a 
Veeco optical profilometer, and the three-dimensional profiles of the 
DLC surfaces are shown in Figure 4.3.  The sliding direction is along 
the grinding lay of the surfaces.  An overview of all the surface 
roughness data obtained is summarized in Figure 4.4.  From the 
images and readings obtained, Oil B (base oil with TPPT) produced the 
lowest surface roughness on the hydrogen-free DLC-coated surface.  
The surface roughness for Oil B was lower than that of Oil A (base oil) 
and is similar to that of the unworn DLC surface.  On the other hand, 
the highest surface roughness was produced by Oil C (base oil with 
primary ZDDP) and Oil D (base oil with mixture of primary and 
secondary ZDDP).  Between Oil C and Oil D, the surface roughness for 
the latter was lower. 
4.2.4 Wear Protection Mechanism 
According to Equey et al., ZDDP operates under mixed 
lubrication conditions with a thin oil film separating the metal surfaces 
(Equey et al. 2008).  However, surface asperities penetrate the liquid 
film intermittently and results in metal-to-metal contact.  ZDDP reacts 
with these asperities to reduce the contact, and when the load is high 
enough to collapse the oil film, ZDDP reacts with the entire metal 
surface to form a protective film to reduce wear.   
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In this study, antiwear additives i.e. ZDDP and TPPT were used 
and a protective film could have been formed on the DLC surface.  In 
this case, relatively high friction coefficient values i.e. 0.20 – 0.21 were 
obtained for both ZDDP and TPPT.  Compared to ZDDP, TPPT 
resulted in fewer small pits and lower surface roughness.  Also, it was 
observed that a mixture of primary and secondary ZDDP resulted in 
fewer pits and slightly lower surface roughness compared to primary 



















Figure 4.3(e)  
Figure 4.3 3D surface profile corresponding to (a) unworn DLC 
surface; (b) Oil A (Base Oil); (c) Oil B (Base Oil + TPPT); (d) Oil C 
(Base Oil + Primary ZDDP); and (e) Oil D (Base Oil + Mixture of 




Figure 4.4 Surface roughness data for the DLC surfaces 
corresponding to unworn surface condition, Oil A (Base Oil), Oil B 
(Base Oil + TPPT), Oil C (Base Oil + Primary ZDDP) and Oil D (Base 




The impact of antiwear additives – ZDDP (i.e. primary ZDDP 
and a mixture of primary and secondary ZDDP) and ashless TPPT, 
which is a more environmentally friendly antiwear agent, on the friction 
and wear behaviour of DLC coatings has been investigated.  Based on 
the observations and results of this study performed using a disk-on-
cylinder tribometer, where the stationary hydrogen-free DLC coated 
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steel disk formed a line contact with an uncoated rotating steel shaft, 
some important conclusions can be drawn.   
With regard to friction, it was shown that, at a concentration of 
1.0 wt%, TPPT and ZDDP in base oil increased the coefficient of 
friction by approximately four times from 0.05 to 0.20 - 0.21 over that 
for pure base oil.    
In terms of wear behaviour, TPPT appeared to be more effective 
than ZDDP in minimising wear (based on the number of pits observed) 
on the DLC surface. Also, primary ZDDP seemed to have a more 
detrimental effect on the DLC surface compared to a mixture of primary 
and secondary ZDDP.    
It was observed that TPPT resulted in the lowest surface 
roughness on the DLC surface.   Also, the highest number of pits and 
surface roughness on the DLC surface were associated with the 
lubricant containing primary ZDDP.   
In conclusion, both ZDDP and TPPT exhibited a negative impact 
on the friction properties of the DLC surface.  However, it was 
demonstrated that ZDDP had a negative influence on the antiwear 





Chapter 5 Effects of Primary ZDDP and Ashless TPPT on the 
Friction and Wear Behaviour of Cr-N coatings 
 This chapter presents an investigation of the impact of primary 
ZDDP and ashless TPPT as antiwear additives on the friction and wear 
performances of Cr-N coatings, with the use of a disk-on-cylinder 




 5.1 Experimental Preparations 
 In this study, the main tribological tests were carried out on a 
disk-on-cylinder tribometer, where the stationary chromium nitride 
coated AISI 52100 bearing steel disk of diameter 20 mm formed a line 
contact with an uncoated rotating AISI 52100 bearing steel shaft. The 
normal force exerted by the coated disk on the latter was 40 N 
(maximum recommended weight), and the shaft of diameter 40 mm 
was rotated at 376 rpm (rated speed of the motor), giving a linear 
sliding speed of 0.788 m/s.   
 All the tests were conducted at room temperature as the study 
was focused on understanding the effects from the lubricant additives 
without the influence of elevated temperatures.  Operating 
temperatures in combustion engines can be relatively high but it is not 
the case when it comes to hydraulic or gearing applications.  The test 
duration was two hours and each test was repeated three times.  At the 
end of each run, the test parts were carefully removed, cleaned with a 
light hydrocarbon solvent, and kept for surface analysis.  The 
experimental set-up is shown in Figure 3.3. 
 The lubricants used in this study were Oil A (Base Oil with no 
Additive), Oil B (Base Oil with 1.0 wt% of ZDDP), and Oil C (Base Oil 






 5.2 Results and Discussion 
 5.2.1 Initial Experiments 
 Besides the antiwear additives, the contact loads and rotational 
speeds are also important factors in boundary lubrication under 
extreme pressure conditions, as demonstrated in some studies 
(Nehme and Dib 2011; Nehme 2011; Nehme 2012) utilising a Design 
Of Experiment (DOE)  factorial  approach  which could determine  how  
one  factor  influenced  the  outcome  when  two or  more  of  the  other  
variables  were  varied  at  the  same  time.   
 Therefore, before carrying out the main tribological tests in this 
study, some initial experiments were performed under varying loads 
and shaft rotational speeds. Figure 5.1(a) and 5.1(b) show some 
representative results of friction-versus-load and friction-versus-speed 
curves for Oil A (Base Oil), Oil B (Base Oil + ZDDP) and C (Base Oil + 
TPPT) at room temperature respectively. The calculation of the lambda 
ratio gave values below unity, indicating that the operating lubrication 
regime was mixed-boundary lubrication.  These curves suggested that 
both antiwear additives helped to further reduce friction on the Cr-N 
coating compared with using pure base oil.  From these graphs, the 
order of the friction coefficients of the three lubricants at the same 
normal load or shaft rotational speed was observed to be as follows: 









Figure 5.1(a)  Friction Coefficient for Oil A (Base Oil), Oil B (Base 
Oil + ZDDP) and C (Base Oil + TPPT) on Cr-N surface at various 





Figure 5.1(b)  Friction coefficient for Oil A (Base Oil), Oil B (Base 
Oil + ZDDP) and C (Base Oil + TPPT) on Cr-N surface at various shaft 





 5.2.2 Friction Analysis 
 Based on the friction-versus-load and friction-versus-speed 
curves obtained, the coefficient of friction appeared to decrease with 
increasing load and speed.  For boundary lubrication, a greater load 
would cause the friction to go higher because of higher contact 
severity.  In this case, the operating lubrication regime was mixed-
boundary lubrication, which meant that the load was taken up partly by 
solid-to-solid contact and partly by a load-bearing lubricant film.  
Hence, the increase in load did not result in a corresponding increase 
in the coefficient of friction. As a result, with the purpose of using the 
optimal test conditions in this experimental set up, the main tribological 
tests in this study were then carried out under a normal load of 40 N 
(maximum recommended weight) and at a shaft rotational speed of 
376 rpm (rated speed of the motor) such that the linear sliding speed 
was 0.788 m/s. It was observed that when a normal load greater than 
40 N was used, there were some vibrations and the set up seemed 
slightly unstable.  
 The friction coefficient traces obtained, as a function of time, for 
Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) 
are shown in Figure 5.2(a).  A comparison of the average friction 
coefficients for all three lubricants is provided in Figure 5.2(b). From the 
results obtained, both antiwear additives i.e. ZDDP and TPPT at a treat 
rate of 1.0 wt% lowered the friction coefficient of the oil by 
approximately 10% and 4% respectively. Similar to the observations 
obtained from the initial experiments, it was evident from these results 
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that both antiwear additives helped to enhance friction reduction on the 
Cr-N coating compared to using pure base oil.  However, between the 
two additives, ZDDP appeared to exhibit slightly better friction 
reduction benefit than TPPT.  Based on the results after 2 hours of 
rubbing, the order of the friction coefficients of the three lubricants was 
determined to be as follows: 
 Oil A (Base Oil) > Oil C (Base Oil + TPPT) > Oil B (Base Oil + 
ZDDP) 
  
 This finding implies that engineers who are formulating 
lubricants to be used in equipment that have components coated with 
Cr-N may need to take corrective actions such as adding a higher 
amount of friction modifier to achieve the same level of friction 
reduction when replacing ZDDP with TPPT. 
 Based on some  studies conducted  using  lubricants that 
contained TPPT, the tribofilms formed were found to be made up of 
short-chain  polyphosphates  with  sulphates  (Najman  et  al.  2004; 
Najman et al.  2006).  Also, according to Heuberger et al., the 
formation of a phosphate layer produces a soft, wear-protective coating 
on a hard substrate (steel), and such  phosphate  layers  for 
phosphorothionates  have  short  chain  lengths  which cause them  to 
be less  effective  than  those  of  ZDDP  (Heuberger  et  al. 2008). It is 
suggested that the overall contribution of low friction species after 
running with Cr-N was higher for ZDDP-derived tribofilms than for 





Figure 5.2(a)  Typical friction coefficient trace for Oil A (Base Oil), 
Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on Cr-N surface 
as a function of time at a normal load of 40 N and shaft rotational 




Figure 5.2(b)  Average friction coefficients on Cr-N surface for Oil 





5.2.3 Surface Analysis based on FESEM and EDX 
 The Cr-N surfaces were analysed using Field Emission 
Scanning Electron Microscope (FESEM) and Energy-Dispersive X-ray 
Spectroscopy (EDX). No cracks or delamination of the Cr-N coatings 
can be observed from the FESEM micrographs.  However, a relatively 
pronounced wear scar can be seen on all surfaces corresponding to 
the three lubricants (see Figure 5.3).  A careful examination of the 
images indicated that polishing wear appeared to be the dominant 
wear mechanism taking place on all three worn but relatively smooth 
and featureless surfaces.  Yonekura et al. reported that polishing wear 
could remove protective Cr-N coatings in rolling contact fatigue 
(Yonekura et al. 2005). Therefore, polishing wear, which causes 
tribofilms to be lost as third bodies remove protective surfaces by a 
polishing process, needs to be minimized for enhancing the durability 
of Cr-N coatings. 
 It is acknowledged that the measurement of the wear volume is 
more accurate than the measurement of the wear scar width when 
evaluating the wear resistance of lubricants in sliding contacts (Perez 
et al. 2011).  However, similar to ASTM D 4172, the measurement of 
the wear scar width in this study is deemed appropriate and sufficient 
in determining the relative wear preventive properties of the lubricants.  
Based on the approximate wear scar widths obtained corresponding to 
Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) 
respectively (see Figure 5.4), both ZDDP and TPPT were able to 
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reduce wear on the Cr-N surfaces compared to using the base oil 
alone.  In this investigation, the order of the antiwear performances of 
the three lubricants on the Cr-N surface was found to be as follows: 
  Oil C (Base Oil + TPPT) > Oil B (Base Oil + ZDDP) > Oil A 
(Base Oil) 
  
 Since EDX probes more than 1 µm in depth, the response is 
from any wear film as well as the substrate metal. The EDX elemental 
analytical results are summarised in Table 5.1. For Oil A (Base Oil), a 
large amount of iron was detected and this was most likely due to 
some material transfer from the counterface (steel shaft), since there 
was no evidence of delamination of the Cr-N coating as depicted by the 
FESEM micrographs. Tribofilms formed on steel substrates in 
lubricating oils with sulphur- and phosphorus-containing additives 
under boundary lubrication conditions typically consisted of sulphur and 
phosphorus compounds (Najman et al. 2004).  In this case, there was 
no presence of phosphorus, and the small amount of sulphur was likely 
to have originated from the base oil.  All API Group II base oils typically 
contain a small amount of sulphur i.e. ≤ 0.03 wt%.  There was no sign 
of tribofilm formation.  
 For Oil B (Base Oil + ZDDP), a huge amount of iron was also 
detected, and similar to the case of Oil A (Base Oil), the reason could 
be attributed to material transfer from the counterface. A relatively 
small amount of phosphorus was detected, but no presence of zinc and 
sulphur was found.  The results indicated the possible formation of a 
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tribofilm consisting of mostly phosphorus compounds and very little or 
no sulphur compounds. According to Haque et al., ZDDP provided 
wear protection to Cr-N coatings through the formation of tribofilms that 
were distributed in a non-uniform manner having small dark areas or 
lines in white regions aligned along the sliding direction (Haque et al. 
2008). 
 For Oil C (Base Oil + TPPT), no iron was found which suggested 
that very little or no material transfer from the counterface had 
occurred. Some small amounts of phosphorus and sulphur were 
detected, and their presence provided evidence that the formation of a 
tribofilm consisting of both phosphorus and sulphur compounds had 
taken place.  Sulphurized compounds are known to provide some load-
carrying ability during boundary lubrication.  Sulphur lowers the level of 
energy needed for a P=S bond scission relative to that required for the 
cleavage of the P=O, and it can react to produce sulphides that reduce 
wear by preventing welding between contacting asperities (Rossi et al. 
2006; Heuberger et al. 2008).   
 Therefore, the observations here indicated that the tribofilm 
corresponding to Oil C (Base Oil + TPPT) possessed a slightly stronger 
load-carrying ability compared to that for Oil B (Base Oil + ZDDP). 
These findings from the EDX analysis are consistent with the results 
obtained from the FESEM analysis which suggested TPPT gave better 
wear protection than ZDDP on Cr-N surfaces.  In a study conducted by 
Kano and Yasuda, friction performance was attributed to the shear 
strength of tribofilms formed from additives (Kano and Yasuda 2004).  
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Similarly, in this case, it is also proposed that friction is controlled 
substantially by the shear strength of the film formed from the 
additives.  The relatively higher coefficient of friction measured for 
TPPT compared to that of ZDDP was potentially caused by higher 
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Figure 5.3 FESEM images of Cr-N surface after rubbing against 
steel in (a) Oil A (Base Oil); (b) Oil B (Base Oil + ZDDP); (c) Oil C 
(Base Oil + TPPT) 
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Figure 5.4 Average wear scar width of Cr-N surface after rubbing 
against steel in (a) Oil A (Base Oil); (b) Oil B (Base Oil + ZDDP); (c) Oil 




Table 5.1 EDX elemental analysis of Cr-N surface 
 
 
Element / (wt.%) 
C S Cr Fe P O N 
Initial Cr-N surface  
(before testing) 
- - 66.35 - - - 33.65 
Cr-N surface after 
rubbing with  Oil A 
(Base Oil) 
13.60 0.21 1.60 84.59 - - - 
Cr-N surface after 
rubbing with  
Oil B (Base Oil + ZDDP) 
- - 0.70 95.56 0.18 3.56 - 
Cr-N surface after 
rubbing with  
Oil C (Base Oil + TPPT) 
84.47 1.01 2.14 - 2.22 10.16 - 
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 5.2.4 Surface Analysis based on XPS 
 Additionally, the Cr-N surfaces were analysed using Thermo 
Scientific Theta Probe X-ray Photoelectron Spectroscopy (XPS). 
Monochromatic Al Kα X-ray (hν = 1486.6 eV) was employed for the 
analysis with an incident angle of 30° with respect to surface normal. 
Photoelectrons were collected at a take-off angle of 50° with respect to 
surface normal. Binding energy calibration was done using gold (Au), 
silver (Ag), and copper (Cu) standard samples by setting the Au 4f7/2, 
Ag 3d5/2, and Cu 2p3/2 peaks at binding energies of 83.96 ± 0.02 eV, 
368.21 ± 0.02 eV, and 932.62 ± 0.02 eV, respectively. The Fermi edge 
was calibrated using pure nickel and setting the binding energy at 0.00 
± 0.02 eV. C1s peak from adventitious carbon at 285.0 eV was used as 
a reference for charge correction.  
 The elemental composition was determined from peak areas in 
the XPS spectra after subtracting a Shirley-typed background and 
taking into account of both Scofield photo-ionization cross-sections and 
the transmission function of the spectrometer. For chemical state 
analysis, a spectral deconvolution was carried out by a curve-fitting 
procedure based on Lorentzians broadened by a Gaussian using the 
manufacturer’s software (Avantage).   
 The Avantage software utilises a peak-fitting function which is a 
product of the Gaussian and Lorentzian functions to fit the curve.  
Theoretically, a XPS peak should have a Lorentzian shape (that is 
sharp and symmetrical) because of the nature of the photoelectrons. 
However, when measured by the instrument, the XPS peak 
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experiences broadening such that it eventually deviates from its 
original form of the Lorentzian shape. In order to fit the spectra, it is not 
possible to use purely a Lorentzian function to fit the peak. Hence, it is 
required to use a mix between Lorentzians and a Gaussian component 
to fix the spectra. 
 The area analysed was approximately 400 µm in diameter while 
the maximum analysis depth was in the range of 4 – 10 nm. This 
means that the XPS analysis focuses very much on the region close to 
the top of the surface, which is unlike the EDX that examines more 
toward the bulk region of the coating or tribofilm.  
 The high resolution XPS spectra obtained from the Cr-N surface 
for Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base Oil + 
TPPT) are provided in Figure 5.5, 5.6 and 5.7 respectively.  All the 
chemical quantifications are shown in Table 5.2 and the compositions 
are summarized in Table 5.3.  On the surface associated with Oil A 
(Base Oil), only carbon, oxygen and iron were detected.  Iron on this 
surface was determined to be Fe2O3. This was derived largely from the 
peak binding energy of Fe2p3/2 at 710.2 eV from the high resolution 
Fe2p spectrum (Yamashita and Hayes 2008). This conclusion was not 
reached solely by taking the O/Fe ratio as the O/M (M for metals) ratio 
on the metal oxide surface were typically larger than the stoichiometric 
values due to oxygen-rich nature of the oxide film surfaces.  On the 
surfaces corresponding to Oil B (Base Oil + ZDDP) and Oil C (Base Oil 
+ TPPT), carbon, nitrogen, oxygen and iron were detected.  On these 
two surfaces, iron existed as Fe and Fe2O3; and nitrogen was present 
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as N-H.  Chromium, zinc, phosphorus and sulphur were not detected 
on all three surfaces.   
 The detection of a small amount of iron in the form of Fe and 
Fe2O3 on all three surfaces could be attributed to material transfer from 
the counter face.  Also, a certain degree of oxidation might also have 
taken place at regions very close to the top of the surface layer.  In 
addition, the iron content for Oil C was low in comparison with that for 
Oil A and B.  
Unlike the EDX analysis, phosphorus and sulphur were not 
detected on all three surfaces using the XPS.  This suggested that the 
sulphur or phosphorus contents of tribofilms formed on the two 
surfaces corresponding to Oil B (Base Oil + ZDDP) and Oil C (Base Oil 
+ TPPT) were not located at regions near to the top of the surfaces.  
These observations are in agreement with the phenomenological 
models of antiwear tribofilms proposed by Kim et al. (Kim et al. 2010).  
According to these models, a thin organic chemisorbed film is present 
on the surface of the tribofilm (< 10 nm) and contains little or no 
phosphorus or sulphur.  These phenomenological models of tribofilms 
constructed based on SEM, EDS, focused ion beam microscopy (FIB), 
nano-indentation, nano-scratch, nano-wear, and XANES spectroscopy 
data are presented in Figure 5.8.  It can be observed from the diagram 
that there is a thin organic chemisorbed film (< 10 nm) on the surface 
of the tribofilms.  
 





Figure 5.5 High resolution XPS spectra obtained from the Cr-N 







Figure 5.6 High resolution XPS spectra obtained from the Cr-N 







Figure 5.7 High resolution XPS spectra obtained from the Cr-N 






Figure 5.8 Phenomenological model of tribofilms constructed based 
on SEM, EDS, FIB, nano-indentation, nano-scratch, nano-wear, and 
XANES spectroscopy data:(a) ashless dialkyl dithiophosphate and (b) 




Table 5.2 XPS chemical quantification of Cr-N surface 
corresponding to (a) Oil A (Base Oil), (b) Oil B (Base Oil + ZDDP) and 
(c) Oil C (Base Oil + TPPT) 
 
Name  Peak Binding Energy (eV) Composition (at. %)  
C1s C-C/C-H 285.0 60.8 
C1s C-O 286.6 8.6 
C1s C=O/O-C-O 288.9 8.1 
O1s O-Fe 529.6 3.9 
O1s O=C 532.2 10.0 
O1s O-C 533.6 6.7 
Fe2p3 Fe2O3 710.2 1.9 
(a) 
Name  Peak Binding Energy (eV) Composition (at. %)  
C1s C-C/C-H 285.0 66.9 
C1s C-O 286.1 9.0 
C1s C=O/O-C-O 288.7 3.2 
N1s N-H 400.1 1.3 
O1s O-Fe 529.6 5.3 
O1s O=C 531.9 7.5 
O1s O-C 533.2 2.3 
Fe2p3 Fe 706.3 0.2 
Fe2p3 Fe2O3 710.2 1.9 
(b) 
Name  Peak Binding Energy (eV) Composition (at. %)  
C1s C-C/C-H 285.0 72.3 
C1s C-O 286.5 6.2 
C1s C=O/O-C-O 288.9 2.3 
N1s N-H 400.0 1.1 
O1s O-Fe 529.7 2.9 
O1s O=C 532.2 11.3 
O1s O-C 533.6 1.2 
Fe2p3 Fe 706.6 0.3 







Table 5.3 Summary of XPS elemental analysis of worn Cr-N 
surface 
 
Composition (at. %) 
Element 
Cr-N surface corresponding to: 
Oil A (Base 
Oil) 
Oil B (Base Oil + 
ZDDP) 
Oil C (Base Oil + 
TPPT) 
C 77.5 82.1 81.8 
N - 1.1 1.4 
O 20.5 15.7 15.4 
Fe 1.9 2.1 1.2 
 
  
 A. Lippitz and Th. Hubert reported that the composition of the 
surface of Cr-N coatings differed from the core and was more complex 
in constitution (Lippitz and Hubert 2005). The concentration of the 
estimated phases is dependent on coating preparation conditions and 
additional heat-treatment.  Therefore, results and observations 
obtained from investigations on Cr-N coatings prepared using other 
deposition techniques or under different manufacturing conditions may 
vary from the findings in this study.   
 How the findings derived from this study might influence the 
future selection of lubricants and lubricant additives for equipment 
containing Cr-N coated components is still unclear. The current state-
of-the-art in lubricant formulation is unlikely to encompass additive-free 
oils. Any coating material development must be able to address 
concerns related to the replacement of ZDDP with TPPT or other more 
environmentally friendly alternatives. Therefore, it is clearly important 
for equipment manufacturers to work closely together with component 
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developers as well as lubricant and additive companies if genuine 
success in both increasing component longevity and protecting the 
environment is to be realised.  
 
 5.3 Conclusions 
 The impact of both antiwear additives i.e. primary ZDDP and 
ashless TPPT on the friction and wear behaviour of Cr-N coatings has 
been studied.  According to the experimental results and observations, 
some important conclusions can be drawn.  Both ZDDP and TPPT 
helped to lower the friction on Cr-N coatings. Between the two 
additives, ZDDP exhibited better friction reduction benefit than TPPT at 
the same treat rate.   
 In terms of wear behaviour, the wear scar widths obtained in the 
FESEM analysis provided indications that the wear resistance property 
of the Cr-N surface could be improved by both ZDDP and TPPT, with 
the latter giving better antiwear performance.   
 From the EDX elemental analysis, there was no sign of tribofilm 
formation on the Cr-N coating for Oil A (Base Oil).  For Oil B (Base Oil 
+ ZDDP), the results suggested the possible formation of a tribofilm 
consisting of mostly phosphorus compounds and very little or no 
sulphur compounds.  In the case of Oil C (Base Oil + TPPT), there 
were indications that a tribofilm made up of both phosphorus and 
sulphur compounds had been formed.  This finding is consistent with 
the results obtained from the FESEM analysis that suggested TPPT 
had better wear protection for the Cr-N coating compared to ZDDP.   
109 
 
 According to the XPS analysis, all three surfaces exhibited signs 
of small amounts of material transfer from the counterface as well as 
some oxidation at regions very close to the top of the surface.  Also, 
results showed that tribofilms formed on the two surfaces 
corresponding to Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) 
did not have their sulphur or phosphorus contents located near the top 
of the surface. 
 Based on the overall findings, this study suggests that TPPT can 
function adequately well as an appropriate and more environmentally 






Chapter 6 Impact of Primary ZDDP and Ashless TPPT on the 
Durability of Ti-N and Ti-Al-N Coatings 
 This chapter provides the observations and findings of an 
investigation on the impact of primary ZDDP and ashless TPPT as 
antiwear additives on the tribological behaviour of Ti-N and Ti-Al-N 
coatings, based on a pin-on-cylinder tribometer used for running the 




 6.1 Experimental Preparations 
 The tribological tests in this study were carried out on a pin-on-
cylinder tribometer (see Figure 6.1), where the stationary Ti-N or Ti-Al-
N coated pin made of AISI 52100 bearing steel formed a point contact 
with an uncoated rotating AISI 52100 bearing steel shaft. The pin had a 
hemispherical shape and its radius was 10 mm.  The normal force 
exerted by the coated pin on the latter was 150 N (maximum allowable 
weight). The shaft of diameter 40 mm was rotated at 400 rpm (rated 
speed of the motor), giving a sliding speed of 0.838 m/s.   
 All the tests were carried out at room temperature.  Operating 
temperatures can be relatively high in automotive combustion engines, 
but it is not the case in other operating environments such as hydraulic 
equipment and industrial gear applications.  This study focuses on the 
evaluation of the impact of ZDDP and TPPT on Ti-N and Ti-Al-N 
coatings without the effects from elevated temperatures.   
 The test duration was two hours and each test was repeated 
three times.  After the tribological tests, the samples were rinsed 
thoroughly with acetone without using an ultrasonic bath, and retained 
for surface analysis. The shaft was rotating whereas the top stationary 
Ti-N or Ti-Al-N coated steel hemispherical pin was in contact with the 
shaft making a point contact. The lower part of the shaft was dipped in 
an oil bath for continuous supply of oil while the shaft was rotating. For 




 The three lubricants used in this study were Oil A (Base Oil 
without Additive), Oil B (Base Oil with 1.0 wt% of ZDDP), and Oil C 









6.2 Results and Discussion 
6.2.1 Initial Experiments 
 Apart from the antiwear additives, the contact loads and 
rotational speeds are also important factors in boundary lubrication 
under extreme pressure conditions, as shown in some studies (Nehme 
and Dib 2011; Nehme 2011; Nehme 2012) utilising a Design Of 
Experiment (DOE)  factorial  approach  which could determine  how  
Stationary pin head 
surface coated with Ti-N 
or Ti-Al-N 
Uncoated rotating 
steel shaft  





one  factor  affected  the  outcome  when  two or  more  of  the  other  
variables  were  varied  at  the  same  time.   
 Therefore, before conducting the main tribological tests in this 
study, some initial experiments were performed under varying loads 
and shaft rotational speeds. Figure 6.2(a) and 6.2(b) presented some 
representative results of friction-versus-load and friction-versus-speed 
curves for Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base 
Oil + TPPT) on the Ti-N and Ti-Al-N coatings at room temperature 
respectively. The calculation of the lambda ratio yielded values below 
unity, indicating that the operating lubrication regime was mixed-
boundary lubrication. These curves indicated that both additives 
increased friction on the Ti-N and Ti-Al-N coatings compared to pure 
base oil.  Also, for all three lubricants, the friction coefficients obtained 
on the Ti-N coatings were found to be higher compared to the Ti-Al-N 
coatings. Overall, the order of the friction coefficients of the lubricants 
at the same normal load or at the same shaft rotational speed was as 
follows: 
 Ti-N / Oil B (Base Oil + ZDDP) > Ti-N / Oil C (Base Oil + TPPT) 
> Ti-N / Oil A (Base Oil) > Ti-Al-N / Oil B (Base Oil + ZDDP) > Ti-Al-N / 





Figure 6.2(a)  Friction coefficient for Oil A (Base Oil), Oil B (Base 
Oil + ZDDP) and Oil C (Base Oil + TPPT) on Ti-N and Ti-Al-N coatings 







Figure 6.2(b)  Friction coefficient for Oil A (Base Oil), Oil B (Base 
Oil + ZDDP) and Oil C (Base Oil + TPPT) on Ti-N and Ti-Al-N coatings 




 6.2.2 Friction Analysis 
 Generally, from the experimental results, the coefficient of 
friction was found to decrease with increasing load and speed.  For 
boundary lubrication, a greater load would cause the friction to go 
higher because of higher contact severity.  In this case, the operating 
lubrication regime was mixed-boundary lubrication, which meant that 
the load was taken up partly by solid-to-solid contact and partly by a 
load-bearing lubricant film.   
 As a result, with the objective of using the optimal test conditions 
in this experimental set up, the main tribological tests in this study were 
then performed under a normal load of 150 N (maximum allowable 
weight) and at a shaft rotational speed of 400 (rated speed of the 
motor), producing a sliding speed of 0.838 m/s.  
 The friction coefficients obtained, as functions of time, for Oil A 
(Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on 
the Ti-N and Ti-Al-N coatings are shown in Figure 6.3.  The friction 
data were collected every 60 seconds for 2 hours (i.e. 120 data points). 
The tests were repeated 3 times, and the average friction coefficient 
values (obtained after sliding for 2 hours) as a function of lubricants for 
the Ti-N and Ti-Al-N coatings are given in Figure 6.4.  The results 
obtained indicated that both ZDDP and TPPT at a treat rate of 1.0 wt% 
resulted in about 25% and 4% increase respectively in the friction 
coefficient on the Ti-N surface.  On the Ti-Al-N surface, ZDDP and 
TPPT at the same dosage increased the friction coefficient by 
approximately 13% and 10% respectively.  
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 It is therefore apparent that both Ti-N and Ti-Al-N surfaces 
experienced a negative impact on friction reduction caused by the use 
of ZDDP and TPPT, with the latter showing a less significant influence.  
In addition, it was observed that the effect was greater for Ti-N as 
compared to Ti-Al-N. 
 According  to  some  investigations  carried  out  using  
lubricants that contained TPPT, the tribofilms formed were found to be 
composed of short-chain  polyphosphates  with  sulphates  (Najman  et  
al.  2004; Najman et  al.  2006).  Also, according to Heuberger et al., 
the formation of a phosphate layer produces a soft, wear-protective 
coating on a hard substrate (steel), and such  phosphate  layers  for 
phosphorothionates  are  characterized  by  short  chain  lengths  which 
render  them  less  effective  than  those  of  ZDDP  (Heuberger  et  al. 
2008).  Therefore, it is suggested that both TPPT– and ZDDP-derived 
tribofilms formed with Ti and Al were softer because of a lower shear 
strength compared to those formed with Ti alone.  In this case, 
between TPPT– and ZDDP-derived tribofilms, the latter had a higher 


























Figure 6.3 Typical friction coefficient trace for Oil A (Base Oil), Oil B 
(Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on Ti-N and Ti-Al-N 
coatings as a function of time at a normal load of 150 N and a shaft 





Figure 6.4 Average friction coefficients for Oil A (Base Oil), Oil B 
(Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on Ti-N and Ti-Al-N 
coatings. Error bars signify standard error over three repeats. 
  
6.2.3 Surface Analysis based on FESEM, EDX and SEM 
 The degree of wear on the Ti-N and Ti-Al-N surfaces was 
determined using the field emission scanning electron microscope 
(FESEM).  It is acknowledged that the measurement of the wear 
volume is more accurate than the measurement of the wear scar 
diameter when evaluating the wear resistance property of lubricants in 
sliding contacts (Perez et al. 2011).  However, similar to ASTM D 4172, 
the measurement of the wear scar diameter in this study is deemed 
appropriate and sufficient to assess the relative wear preventive 
properties of the lubricants.   
For each test specimen, two measurements of each wear scar 
were made using the FESEM, and they were taken at 90° to each other 
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(see Figure 6.5). When a scar was found to be elliptical, one 
measurement was made with the striations and the other across the 
striations. A striation is defined as a series of ridges, furrows or linear 
marks.  The average of the two measurements was then reported as 
the wear scar diameter.  The approximate wear scar diameters for Oil 
A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on 
Ti-N and Ti-Al-N coatings are presented in Figure 6.6. 
The observations and readings obtained suggested that the 
degree of wear was generally lower on Ti-Al-N surfaces than on Ti-N 
surfaces. It was also observed that ZDDP was able to provide slightly 
better wear resistance compared to TPPT on both Ti-N and Ti-Al- N 
surfaces.  The results obtained indicated that ZDDP and TPPT at a 
dosage of 1.0 wt% reduced the wear scar diameter on the Ti-N surface 
by approximately 61% and 57% respectively.  At the same treat rate, 
ZDDP and TPPT were able to reduce the wear scar diameter on the Ti-




Figure 6.5  FESEM micrograph of a worn coating surface 
 
 
Figure 6.6 Average wear scar diameters for Oil A (Base Oil), Oil B 
(Base Oil + ZDDP) and Oil C (Base Oil + TPPT) on Ti-N and Ti-Al-N 
coatings   (Note: Error bars signify standard error over three repeats.) 
  
EDX was performed 
using area analysis 
within circular or 
elliptical worn coating 
surface.  
Wear scar diameter 
was determined using 




The primary implication of this finding is that engineers or 
scientists who are developing lubricants for equipment containing Ti-N 
or Ti-Al-N coated parts can be certain that the use of ZDDP or TPPT 
enhances the antiwear performance.  Between the two antiwear 
additives, ZDDP exhibited slightly better wear preventive property on 
both Ti-N and Ti-Al-N surfaces.  If a formulator decides to replace 
ZDDP with TPPT to develop a more environmentally friendly lubricant, 
a higher treat rate of TPPT is potentially required to achieve the same 
level of antiwear performance. 
According to Neville et al, there is a need to review which 
materials and lubricants are being used in partnership in engineering 
systems to capitalize on the synergies, existing between surfaces and 
lubricants. In a similar fashion, there are some important antagonisms 
that ought to be identified, and understanding such compatibility issues 
can assist engineers in selecting optimal lubrication systems (Neville et 
al. 2007).  In this regard, the finding in this study is consistent with the 
conclusions drawn by Neville et al. 
The surface chemistry of the worn Ti-N and Ti-Al-N coatings 
was first analysed by means of the energy-dispersive x-ray 
spectroscopy (EDX) and the elemental analytical results are 
summarized in Table 6.1. Since EDX examines more than 1 µm in 
depth, the response comes from the wear film as well as the substrate 
metal. The area where the EDX analysis was performed is indicated on 
the FESEM micrograph shown in Figure 6.5.  A relatively larger amount 
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of iron was detected for Ti-N / Oil A (Base Oil) as well as for Ti-Al-N / 
Oil A (Base Oil), and this signified a correspondingly higher degree of 
delamination of the Ti-N and Ti-Al-N coatings.  Between ZDDP and 
TPPT, the former was associated with a lower amount of iron detected 
which indicated a lesser extent of delamination. Some material transfer 
from the counterface could have also occurred.  These results are 
consistent with earlier findings which suggested that for both Ti-N and 
Ti-Al-N coatings, ZDDP and TPPT offered wear protection with the 
former being slightly more effective.  
In the case of Oil B (Base Oil + ZDDP) for both Ti-N and Ti-Al-N 
surfaces, relatively larger amounts of phosphorus and sulphur were 
detected, along with small amounts of zinc.  Tribofilms formed on steel 
substrates in lubricating oils with sulphur- and phosphorus-containing 
additives under boundary lubrication conditions typically consisted of 
sulphur and phosphorus compounds (Najman et al. 2004).  The 
presence of phosphorus and sulphur signified the formation of a thin 
tribofilm, which helped to reduce wear on the Ti-N and Ti-Al-N surfaces.  
This observation is in agreement with earlier results which suggested 
that ZDDP had slightly better wear resistance property than TPPT. 
For Oil C (Base Oil + TPPT), both phosphorus and sulphur were 
also detected, albeit lower in amounts compared to those of Oil B 
(Base Oil + ZDDP).  This indicated that a thin tribofilm had also been 
formed which helped to improve the antiwear performance of the 
lubricant.  Again, the results here are in line with earlier findings that 
indicated that TPPT gave slightly less wear protection than ZDDP.   
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Element / (wt. %) 
C N O S Ti P Fe Zn Al Total 
Ti-N /  
Oil A 
4.26 21.37 8.74 0.06 41.03 - 24.54 - - 100.00 
Ti-N /  
Oil B 
5.29 28.63 6.54 0.69 48.63 0.42 9.31 0.49 - 100.00 
Ti-N /  
Oil C 
4.87 26.03 3.66 0.09 52.23 0.10 13.02 - - 100.00 
Ti-Al-N / 
Oil A 
7.54 19.23 6.46 0.06 22.93 - 31.61 - 12.17 100.00 
Ti-Al-N / 
Oil B 
11.75 19.77 18.18 0.65 24.97 0.89 9.48 2.65 11.66 100.00 
Ti-Al-N / 
Oil C 
7.60 19.76 14.89 0.10 27.28 0.18 17.29 - 12.90 100.00 
 
Many studies had been carried out to examine ZDDP tribofilms 
using imaging techniques such as scanning electron microscopy (SEM) 
(Sheasby et al. 1996; Yang et al. 1997) and atomic force microscopy 
(AFM) (Warren et al. 1998; Graham et al. 1999). These imaging 
techniques showed the morphology of the tribofilms and were mostly in 
agreement that the ZDDP antiwear tribofilm was laterally and vertically 
heterogeneous, comprising of ridges and valley regions. The ridge 
regions were made up of raised patches of film that were known as 
antiwear pads (Warren et al. 1998; Graham et al. 1999). It was 
suggested that these pads helped in reducing the wear by withstanding 
the load between the two rubbing surfaces and minimising the contact 
between the asperities (Graham et al. 1999).  
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According to Zhang et al., the zinc found in ZDDP played an 
important role by functioning as a sink for sulphur (Zhang et al. 2005). 
According to their explanation, in a ZDDP tribofilm, sulphur was 
present mostly as zinc sulphide, whereas in an ashless dialkyl 
dithiophosphate tribofilm, sulphur was found as iron sulphide. Based on 
some studies (Najman et al. 2004; Nicholls et al. 2004) conducted 
using atomic force microscope (AFM) on the tribofilms of ZDDP formed 
on steel substrates, the area of high vertical scale was where the 
tribofilm (polyphosphate) had formed, whereas the low area 
represented the thin covered area or steel substrate.  
In another investigation performed by Zhang et al. utilising x-ray 
absorption near edge structure spectroscopy (XANES), it was shown 
that the chain length of zinc polyphosphate increased as the rubbing 
time continued, and that long chain zinc polyphosphate was formed at 
the top of tribofilms and short chain zinc polyphosphate in the bulk of 
tribofilms (Zhang et al. 2005). 
To elucidate the morphology of tribofilms formed, the worn areas 
of the Ti-N and Ti-Al-N surfaces were examined using SEM and the 
backscattered images captured are presented in Figure 6.7. Both 
ZDDP and TPPT appeared to form some small light-coloured pad-like 
structures on the surfaces along the rubbing direction as observed in 
Figure 6.7 (c), (d), (e) and (f).  The formation of these pads provided 
evidence that Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) 
were able to render enhanced wear resistance to the Ti-N and Ti-Al-N 
coatings. These observations here are consistent with earlier results 
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which showed that ZDDP and TPPT provided wear protection to the Ti-
N and Ti-Al-N coatings. 
In a study conducted by Kano and Yasuda, friction performance 
was attributed to the shear strength of tribofilms formed from additives 
(Kano and Yasuda 2004).  Likewise, in this case, it is also proposed 
that friction is controlled, to a great extent, by the shear strength of the 
film originating from the additives.  The relatively higher coefficient of 
friction measured for ZDDP compared to that of TPPT was potentially 
caused by higher shear strength of the film derived from ZDDP.   
6.2.4 Surface Analysis based on XPS 
Finally, the Ti-N and Ti-Al-N surfaces were analysed using 
Thermo Scientific Theta Probe X-ray Photoelectron Spectroscopy 
(XPS). Monochromatic Al Kα X-ray (hν = 1486.6 eV) was employed for 
the analysis with an incident angle of 30o with respect to surface 
normal. Photoelectrons were collected at a take-off angle of 50o with 
respect to surface normal. Binding energy calibration was carried out 
using gold (Au), silver (Ag), and copper (Cu) standard samples by 
setting the Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 peaks at binding energies of 
83.96 ± 0.02 eV, 368.21 ± 0.02 eV, and 932.62 ± 0.02 eV, respectively. 
The Fermi edge was calibrated using pure nickel and setting the 
binding energy at 0.00 ± 0.02 eV. C1s peak from adventitious carbon at 
285.0 eV was used as a reference for charge correction before 
attempting the chemical state identification and data interpretation 




Figure 6.7(a) Ti-N / Oil A (Base Oil) 
 
 




Figure 6.7(c) Ti-N / Oil B (Base Oil + ZDDP) 
 
 












Figure 6.7(e) Ti- N / Oil C (Base Oil + TPPT) 
 
 
Figure 6.7(f) Ti-Al-N / Oil C (Base Oil + TPPT) 
Figure 6.7 SEM backscattered images of Ti-N and Ti-Al-N surfaces 
after rubbing with Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C 













The elemental composition was determined from peak areas in 
the XPS spectra after subtracting a Shirley-type background and taking 
both Scofield photo-ionization cross-sections and the transmission 
function of the spectrometer into consideration. For chemical state 
analysis, a spectral deconvolution was performed by a curve-fitting 
procedure based on Lorentzians broadened by a Gaussian using the 
manufacturer’s software (Avantage).  Please refer to Section 5.2.4 in 
Chapter 5 for a more detailed explanation on the need to use a 
Lorenzian and Gaussian mix to fit the XPS spectra. 
The area analysed was approximately 400 µm in diameter while 
the maximum analysis depth was in the range of 4 – 10 nm. This 
means that the XPS analysis focuses very much on the region close to 
the top of the surface, which is unlike the EDX that examines more 
toward the bulk region of the coating or tribofilm. 
The high resolution XPS spectra obtained from the Ti-N and Ti-
Al-N surfaces for Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C 
(Base Oil + TPPT) are presented in Figure 6.8, 6.9, 6.10, 6.11, 6.12 
and 6.13 respectively.  All the chemical quantifications are provided in 






Figure 6.8 High resolution XPS spectra obtained from the Ti-N 







Figure 6.9 High resolution XPS spectra obtained from the Ti-N 







Figure 6.10 High resolution XPS spectra obtained from the Ti-N 








Figure 6.11 High resolution XPS spectra obtained from the Ti-Al-N 






Figure 6.12 High resolution XPS spectra obtained from the Ti-Al-N 






Figure 6.13 High resolution XPS spectra obtained from the Ti-Al-N 
surface corresponding to Oil C (Base Oil + TPPT)  
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Table 6.2 XPS chemical quantification of Ti-N and Ti-Al-N surfaces 
corresponding to Oil A (Base Oil), Oil B (Base Oil + ZDDP) and Oil C 





Ti-N / Oil A (Base Oil) 
Ti-N / Oil B (Base Oil + 
ZDDP) 




















C1s C-C/C-H 285.0 65.6 285.0 66.9 285.0 63.3 
C1s C-O 286.4 8.4 286.2 6.7 286.2 8.9 
C1s O-C=O 288.1 4.6 288.7 3.0 288.5 1.7 
N1s Scan B 395.5 0.9 395.6 2.2 395.7 2.4 
N1s N-Ti 396.8 1.6 396.9 2.3 396.9 2.4 
N1s Scan C 399.7 2.4 399.7 0.5 399.7 2.1 
Ti2p3 TiN 454.8 0.9 455.0 1.4 455.0 1.4 
Ti2p3 TiON 456.3 0.9 456.3 1.2 456.4 1.6 
Ti2p3 Ti2O3 457.9 1.5 457.9 1.7 457.9 2.0 
O1s O-Ti 529.5 1.4 529.4 2.8 529.5 2.5 






Ti-Al-N / Oil A (Base Oil) 
Ti-Al-N / Oil B (Base Oil 
+ ZDDP) 




















Al2p3 Al-O 73.2 4.3 73.1 5.6 73.4 9.0 
C1s C-C/C-H 285.0 60.5 285.0 68.0 285.0 38.8 
C1s C-O 286.4 6.7 286.7 3.5 285.9 21.1 
C1s O-C=O 288.8 2.6 288.9 3.1 288.7 1.4 
N1s Ti-N 396.0 4.5 395.8 3.7 396.2 7.7 
N1s Scan B 399.1 2.1 397.4 0.8 399.4 1.0 
Ti2p3 TiN 454.9 0.4 455.2 0.5 455.1 0.8 
Ti2p3 TiON 456.3 1.6 456.4 1.1 456.6 2.3 
Ti2p3 Ti2O3 458.0 0.7 458.0 0.4 458.2 1.2 
O1s O-Ti/O-
Al 
529.7 2.0 529.6 0.8 529.7 1.8 





Table 6.3 Summary of XPS elemental analysis of Ti-N and Ti-Al-N 
surfaces 
 
Composition (At%)  
Elements 
Ti-N / Oil 
A (Base 
Oil) 




















Al - - - 4.3 5.6 9.0 
C 78.5 76.6 73.9 69.9 74.6 61.2 
N 4.9 4.9 6.9 6.6 4.5 8.6 
Ti 3.2 4.3 5.0 2.8 2.1 4.3 










Ti-N / Oil A (Base Oil) 
Ti-N / Oil B (Base Oil + 
ZDDP) 






















454.8 27.1 455.0 32.5 455.0 28.3 
Ti2p3 
TiON 
456.3 27.0 456.3 28.5 456.4 31.2 
Ti2p3 
Ti2O3 






Ti-Al-N / Oil A (Base 
Oil) 
Ti-Al-N / Oil B (Base 
Oil + ZDDP) 
Ti-Al-N / Oil C (Base 





















454.9 14.8 455.2 26.1 455.1 17.4 
Ti2p3 
TiON 
456.3 58.5 456.4 54.3 456.6 53.8 
Ti2p3 
Ti2O3 




As presented in Table 6.3, the elements that XPS detected were 
primarily carbon, followed by oxygen and some small amounts of 
nitrogen and titanium (as well as aluminium in the case of Ti-Al-N). 
Unlike the EDX analysis, phosphorus and sulphur were not detected on 
all Ti-N and Ti-Al-N surfaces using the XPS.  This suggested that the 
sulphur or phosphorus contents of tribofilms formed on the surfaces 
corresponding to Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) 
were not located at regions near to the top of the surfaces.   
No sputtering was done prior to XPS analysis. It is 
acknowledged that the surface could be covered with hydrocarbon 
contaminants from the oil bath during the tribological test. However, as 
the resultant Ti-N and Ti-Al-N surfaces after the tribological tests were 
very likely to be damaged and sputtered away by Ar+ ion sputtering, the 
XPS analysis was performed without sputtering first, and it was found 
that the Ti2p, Al2p and N1s signals were still able to be detected on the 
surface and were not completely covered with hydrocarbon 
contaminants.  As a result, no further Ar+ ion sputtering was carried 
out. 
These observations, similar to the XPS analytical findings for Cr-
N coatings in Chapter 5, are consistent with the phenomenological 
models of antiwear tribofilms proposed by Kim et al. (Kim et al. 2010).  
According to these models, a thin organic chemisorbed film is present 
on the surface of the tribofilm (< 10 nm) and contains little or no 
phosphorus or sulphur.  The phenomenological models of these 
tribofilms constructed according to SEM, EDS, FIB, nano-indentation, 
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nano-scratch, nano-wear, and XANES spectroscopy data are 
presented in Figure 5.8. 
For each of the six coating and lubricant combinations, the most 
intense signal in the C 1s spectrum originates from aliphatic carbon 
with a binding energy of 285.0 eV. Depending on the coating and 
lubricant combination, there were minor contributions at 285.9 eV to 
286.7 eV due to carbon bound to oxygen, and at 288.1 eV to 288.9 eV 
due to carbonates.  For the O 1s spectrum, the main peak at 530.0 eV 
to 530.3 eV was attributed to non-bridging oxygen, while the minor 
peak at 529.4 eV to 529.7 eV was assigned to titanium or aluminium 
oxides.  The binding energy of the Al 2p major peak at 73.1 eV to 73.4 
eV as illustrated in Figure 6.11, 6.12 and 6.13 was attributed to Al-O.   
In addition, a close comparison of the peak binding energies and 
compositions of Ti 2p3 between the respective Ti-N and Ti-Al-N 
surfaces is presented in Table 6.4(a) and 6.4(b).  The Ti 2p3 binding 
energies of 454.8 eV to 455.2 eV, 456.3 eV to 456.6 eV and 457.9 eV 
to 458.2 eV corresponded to TiN, TiON, and Ti2O3 respectively. For the 
Ti-Al-N surfaces, the contents of TiON and Ti2O3 were found to be 
relatively higher and lower respectively, compared to the corresponding 
Ti-N surfaces.   
These results indicated that the presence of aluminium in the Ti-
Al-N coatings had impacted the Ti 2p compositions by reducing the 
formation of titanium oxide while increasing that of titanium oxynitride.  
Some studies (Chappe et al. 2003; Chappe et al. 2007) reported that 
titanium oxynitrides had relatively complex structures and exhibited 
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intermediate behaviour between the Ti-N coating and titanium oxide 
compounds, and their characteristics included the hardness and wear 
resistance property of Ti-N.   
These observations are in agreement with those literature 
studies (Wang et al. 1995; Leu et al. 2000; Kawate et al. 2003) 
mentioned earlier that increasing the aluminium content in Ti–N 
coatings enhanced the oxidation resistance of the coatings, through the 
formation of an aluminium oxide layer on the surface.  They are also 
consistent with earlier findings that Ti-Al-N coatings exhibited better 
wear resistance than Ti-N coatings.  With regard to the antiwear 
additives, it could also be observed from Table 6.4(a) and 6.4(b) that 
both ZDDP and TPPT did not produce any significant positive or 
negative impact on the Ti 2p compositions. 
 
 6.3 Conclusions 
 The influence of both antiwear additives i.e. primary ZDDP and 
ashless TPPT on the friction and wear properties of Ti-N and Ti-Al-N 
coatings has been investigated.  Several significant findings can be 
derived from the experimental results and observations in this study.   
First of all, it was observed that the addition of 1 wt% of ZDDP 
and TPPT led to approximately 25% and 4% increase respectively in 
the friction coefficient on the Ti-N surface.  At the same treat rate, 
ZDDP and TPPT increased the friction coefficient by about 13% and 10% 
respectively on the Ti-Al-N surface.  For this reason, a larger amount of 
friction modifier may have to be added to compensate for this negative 
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impact during the development of lubricants for equipment with Ti-N or 
Ti-Al-N coated parts.   
Next, it was shown that ZDDP and TPPT at a treat rate of 1.0 wt% 
helped to reduce the wear scar diameter on the Ti-N surface by 
approximately 61% and 57% respectively.  At the same dosage, ZDDP 
and TPPT also lowered the wear scar diameter on the Ti-Al-N coating 
by about 72% and 67% respectively.  For Oil B (Base Oil + ZDDP) and 
Oil C (Base Oil + TPPT), the formation of small pad-like structures on 
the Ti-N and Ti-Al-N surfaces, as seen on the SEM backscattered 
images, provided evidence that ZDDP and TPPT could offer wear 
protection.  The EDX measurements also revealed the presence of 
phosphorus and sulphur on both Ti-N and Ti-Al-N surfaces 
corresponding to Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT), 
which indicated the generation of a thin tribofilm that helped to improve 
the wear resistance property of the lubricants. 
However, in connection with these results, the XPS did not 
detect any phosphorus and sulphur on the Ti-N and Ti-Al-N surfaces.  
This suggested that the sulphur and phosphorus contents of tribofilms 
formed with Oil B (Base Oil + ZDDP) and Oil C (Base Oil + TPPT) were 
not located close to the top of the surfaces.   
Finally, it was found that the presence of aluminium in the Ti-Al-
N coatings had changed the Ti 2p compositions by reducing the 
formation of Ti2O3 while increasing the content of TiON, thereby 
improving the oxidation resistance and antiwear property of the 
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coatings.  In this aspect, no significant impact from ZDDP or TPPT was 
observed.  Overall, this study suggests that TPPT can perform 
adequately well as a suitable and environmentally friendly substitute for 





Chapter 7 Conclusions 
 This chapter provides a summary of the main conclusions and 




 7.1 Main Conclusions 
 7.1.1 Hydrogen-Free DLC Coating 
The impact of antiwear additives namely ZDDP (i.e. primary 
ZDDP and a mixture of primary and secondary ZDDP) as well as 
ashless TPPT (a more environmentally friendly antiwear agent) on the 
durability of DLC coatings has been studied.  Based on the 
observations and results obtained from experimental work performed 
utilising a disk-on-cylinder tribometer, where the stationary hydrogen-
free DLC coated steel disk established a line contact with an uncoated 
rotating steel shaft, the following important conclusions can be formed.   
In the aspect of friction, it was demonstrated that, at a 
concentration of 1.0 wt%, both TPPT and ZDDP in the base oil 
increased the coefficient of friction by about four times from 0.05 to 
0.20 - 0.21 over that for the base oil.    
With regard to wear behaviour, TPPT appeared to be more 
effective than ZDDP in reducing wear (based on the number of pits 
observed) on the DLC surface. In addition, primary ZDDP seemed to 
exhibit a more detrimental effect on the DLC surface compared to a 
mixture of primary and secondary ZDDP.    
It was also found that TPPT produced the lowest surface 
roughness on the DLC surface.   Also, the largest number of pits and 
highest surface roughness on the DLC surface were associated with 
the lubricant that contained primary ZDDP.   
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Finally, it can be concluded that both antiwear additives, ZDDP 
and TPPT, exhibited a negative impact on the friction behaviour of the 
DLC surface.  However, it was demonstrated that ZDDP had a 
negative influence on the antiwear property, whereas TPPT helped to 
increase wear resistance of the DLC coatings.  
7.1.2 Cr-N Coating 
The influence of both antiwear additives i.e. ZDDP and ashless 
TPPT on the friction and wear behaviour of Cr-N coatings has been 
investigated using a disk-on-cylinder tribometer (similar to setup used 
for the DLC coatings).  According to the experimental results and 
observations, a number of important conclusions can be drawn.   
With regard to friction performance, it was shown that both 
ZDDP and TPPT helped to lower the friction on Cr-N coatings. 
Between the two antiwear additives, ZDDP exhibited better friction 
reduction benefit than TPPT at the same treat rate.  It was proposed 
the relatively higher coefficient of friction observed for TPPT compared 
to that of ZDDP resulted from the higher shear strength of the film 
formed from TPPT. 
In terms of wear behaviour, the wear scar widths obtained in the 
FESEM analysis provided indications that the wear resistance property 
of the Cr-N surface could be enhanced by both ZDDP and TPPT, with 
the latter producing a more superior  antiwear performance.   
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According to the EDX elemental analysis, there was no 
evidence or sign of tribofilm formation on the Cr-N coating for the 
lubricant without any additive.  For the lubricant containing ZDDP, the 
results suggested the possible formation of a tribofilm consisting of 
mainly phosphorus compounds and very little or no sulphur compounds.  
In the case of the lubricant that contained TPPT, there were indications 
that a tribofilm made up of both phosphorus and sulphur compounds 
had been formed.  These findings are consistent with the results 
obtained from the FESEM analysis, which suggested that TPPT gave 
better wear protection to the Cr-N coating compared to ZDDP.   
Based on the XPS analysis, all three Cr-N surfaces showed 
signs of small amounts of material transfer from the counterface as well 
as some oxidation at regions very close to the top of the surface.  In 
addition, results suggested that tribofilms formed on the two surfaces 
corresponding to the lubricants separately containing ZDDP and TPPT 
did not have their sulphur or phosphorus contents located near the top 
of the surface. 
From the overall findings, it is suggested that TPPT is able to 
perform sufficiently well as a suitable and relatively more 
environmentally friendly replacement for ZDDP in terms of providing 
wear resistance to Cr-N coatings. 
7.1.3 Ti-N and Ti-Al-N Coatings 
The influence of both antiwear additives i.e. primary ZDDP and 
ashless TPPT on the friction and wear properties of Ti-N and Ti-Al-N 
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coatings has been evaluated using a pin-on-cylinder tribometer.  
Several significant findings can be derived from the experimental 
results and observations.   
First of all, it was observed that the addition of 1 wt% of ZDDP 
and TPPT resulted in approximately 25% and 4% increase respectively 
in the friction coefficient on the Ti-N surface.  At the same treat rate, 
ZDDP and TPPT increased the friction coefficient by about 13% and 10% 
respectively on the Ti-Al-N surface.  It was proposed that the relatively 
higher coefficient of friction measured for ZDDP compared to that of 
TPPT was attributed to the higher shear strength of the film derived 
from ZDDP.   
In connection with wear performance, it was shown that ZDDP 
and TPPT at a concentration of 1.0 wt% helped to reduce the wear 
scar diameter on the Ti-N surface by approximately 61% and 57% 
respectively.  At the same dosage, ZDDP and TPPT also reduced the 
wear scar diameter on the Ti-Al-N coating by about 72% and 67% 
respectively.   
For the two lubricants separately containing ZDDP and TPPT, 
the formation of small pad-like structures on the Ti-N and Ti-Al-N 
surfaces, as seen on the SEM backscattered images, provided 
evidence that both ZDDP and TPPT could provide wear protection to 
the Ti-N and Ti-Al-N coatings. 
The EDX measurements also gave indications of the presence 
of phosphorus and sulphur on both Ti-N and Ti-Al-N surfaces 
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corresponding to the two lubricants separately containing ZDDP and 
TPPT, which suggested the formation of a tribofilm that helped to 
increase the wear resistance of the coatings. 
However, in connection with the EDX results, the XPS did not 
detect any presence of phosphorus and sulphur on the Ti-N and Ti-Al-
N surfaces.  This suggested that the sulphur and phosphorus contents 
of tribofilms formed with the two lubricants separately containing ZDDP 
and TPPT were not found close to the top of the surfaces.  This 
phenomenon for Ti-N and Ti-Al-N coatings is similar to that observed in 
the case of the Cr-N coatings. 
Finally, it can be concluded that the presence of aluminium in 
the Ti-Al-N coatings had altered the Ti 2p compositions by reducing the 
formation of Ti2O3 while increasing the content of TiON, thereby 
improving the oxidation resistance and antiwear property of the Ti-Al-N 
coatings.  In this regard, no significant impact from ZDDP or TPPT was 
observed.   
Based on the overall findings, it is suggested that TPPT, which 
is, by comparison, more environmentally friendly, can be considered as 
an appropriate substitute for ZDDP for enhancing wear protection of 




Chapter 8 Future Research 
 This chapter provides some recommendations for future 




8.1 Suggestions for Future Research 
The scope of the work done in this thesis was, to a certain 
extent, subject to the availability of lubricant additive samples provided 
by additive companies.   The lubricant additives included in the scope 
of this thesis were antiwear additives namely ZDDP and TPPT.  It is 
suggested that future investigation could encompass other types of 
environmentally friendly antiwear additives such as ashless 
dithiophosphates, nanoparticles, ionic liquids etc.  It would also be 
beneficial if other classes of lubricant additives, particularly those that 
are surface active, such as friction modifiers could be incorporated in 
the scope with the objective of investigating potential additive-additive 
interactions, antagonistic or synergistic, as well as the resulting impact 
on the coating surface.  Examples of friction modifiers are molybdenum 
dicarbamates and glycerol mono oleates etc.  However, it is 
acknowledged that the feasibility of the suggestions provided above is 
subject to the availability of the lubricant additives.  Research involving 
the use of novel additives is likely to require collaboration with leading 
industry players and/or other universities that have established a strong 
focus and acquired a fair amount of experience in this area. 
Besides providing wear protection, ZDDP also functions as a 
secondary antioxidant and a corrosion inhibitor in lubricants.  Therefore, 
although TPPT has been shown in this thesis to be a suitable antiwear 
replacement for ZDDP, it will be exciting and beneficial to compare and 




The state-of the-art surface coatings covered in this thesis are 
hydrogen-free DLC, Cr-N, Ti-N and Ti-Al-N coatings.  For future 
research, it could be worthwhile to consider other types of advanced 
coatings such as carbon nitride, boron nitride or silicon nitride.  It could 
also be meaningful and interesting to explore the differences in the 
friction and wear performances under boundary or mixed lubrication 
conditions amongst coatings deposited by various techniques, or on 
other types of substrates such as alumininum or magnesium. Unlike 
the case for lubricant additives, these surface coatings are relatively 
more accessible and the research topic or focus is likely to be primarily 
influenced, either directly or indirectly, by environmental protection laws, 
government regulations, industry trends and commercial viability. 
Depending on actual application requirements or specific 
operating conditions, other research considerations that can potentially 
be included are the use of heavier loads, longer test durations, 
temperature variation, different tribometer configurations, other types of 
base fluids etc.  Also, it would be beneficial to find the optimal treat rate 
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